? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Giandomenico Foti,

Mediterranea University of Reggio Calabria,
Italy

REVIEWED BY

Yoshimi Kawai,

Japan Agency for Marine-Earth Science and
Technology (JAMSTEC), Japan

JeongHee Shim,

National Institute of Fisheries Science,
Republic of Korea

Dongliang Lu,

Beibu Gulf University, China

Jie Guo,

Chinese Academy of Sciences (CAS), China

*CORRESPONDENCE

Haiyan Zhang
haiyan_zhang@tju.edu.cn

Guisheng Song
guisheng.song@tju.edu.cn

RECEIVED 26 March 2025
ACCEPTED 02 May 2025
PUBLISHED 22 May 2025

CITATION

Zhang W, Zhang H, Song G, Zhao L and
Wei H (2025) Physical and biogeochemical
processes in controlling the seasonal
variation of dissolved oxygen in the

Bohai and Yellow Seas.

Front. Mar. Sci. 12:1600636.

doi: 10.3389/fmars.2025.1600636

COPYRIGHT

© 2025 Zhang, Zhang, Song, Zhao and Wei.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 22 May 2025
po110.3389/fmars.2025.1600636

Physical and biogeochemical
processes in controlling

the seasonal variation of
dissolved oxygen in the
Bohai and Yellow Seas

Wenshuo Zhang*, Haiyan Zhang™, Guisheng Song™,
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Deoxygenation in coastal seas has significant implications to the marine
ecosystems. In this study, the processes influencing the seasonal variation of
dissolved oxygen (DO) in the Bohai and Yellow Seas (BS and YS) are investigated
using a coupled physical-biogeochemical model. The seasonal variation of the
DO concentration ([DO]) in the surface water is lower in summer and autumn and
higher in winter and spring, which is mainly controlled by temperature. Moreover,
in this layer, photosynthesis, to some extent, regulates the [DO] and leads to the
supersaturation in summer, whereas downward diffusion in autumn is mainly
responsible for the gradually decreased saturation degree. The seasonal
distribution of the [DO] in the bottom water is similar with that in the surface
water, with much lower [DO] and significant undersaturation in summer in the BS
and in summer and autumn in the YS. Vertical diffusion is overall the predominant
source of DO in the bottom layer, whereas biological oxygen consumption
(BOCQ) is the main sink, especially during stratification. Relative to the BS, the YS
experiences a moderate but longer deoxygenation duration, due to the thicker
bottom water and persistent stratification. In addition, it reveals that apparent
oxygen utilization (AOU) prevalently underestimates BOC in coastal waters, and
true oxygen utilization (TOU) is proposed as a more accurate proxy. Notably, the
TOU-AOU discrepancy is strongly correlated with temperature variation during
this period, suggesting continuous temperature monitoring as a useful pathway
in investigating BOC in shallow estuarine and coastal waters.
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1 Introduction

Dissolved oxygen (DO) is a critical determinant of marine
ecosystem, playing a vital role in sustaining marine biodiversity
and supporting the survival and growth of marine organisms (Diaz,
2001; Diaz and Rosenberg, 2011; Fennel and Testa, 2019). Hypoxia,
which is defined as the DO concentration ([DO]) below 2 mg L™
(Diaz and Rosenberg, 1995), poses severe threats to marine
ecosystems, including suffocation of marine organisms, decreasing
biodiversity, and enhancing denitrification in aquatic ecosystems
(Seitzinger et al., 2006; Vaquer-Sunyer and Duarte, 2008; Deutsch
et al,, 2024). Over recent decades, hypoxic episode in estuarine and
coastal waters has been aggravating and expanding worldwide (Diaz
and Rosenberg, 2008; Breitburg et al, 2018). Current estimates
indicates the presence of hypoxia in more than 500 estuarine and
coastal systems worldwide (Breitburg et al., 2018), such as the
northern Gulf of Mexico (Rabalais et al., 2002), Baltic Sea (Meier
et al,, 2011), Chesapeake Bay (Hagy et al., 2004), Yangtze River
estuary (Li et al., 2002), and Pearl River estuary (Yin et al., 2004).

The [DO] in seawater is governed by complex physical and
biogeochemical processes. Photosynthetic production serves as the
dominant oxygen source in the euphotic zone, whereas microbial-
mediated decomposition of organic matter is the primary oxygen
sink throughout the water column. The physical processes,
including vertical diffusion, advection, and air-sea exchange,
further modulate the DO distribution (Rabalais et al., 2007; Testa
and Kemp, 2011). Climate change is recognized as a key driver of
oceanic deoxygenation by simultaneously regulating these physical
and biogeochemical processes (Breitburg et al., 2009; Keeling et al.,
2010). On multidecadal timescales, ocean warming contributes to
oxygen depletion through multiple pathways, including reducing
oxygen solubility (Stramma et al., 2008; Deutsch et al.,, 2024),
strengthening vertical stratification and consequently limiting
oxygen replenishment to deeper layers and enhancing microbial
respiratory demand (Keeling et al, 2010; Helm et al, 2011).
Furthermore, eutrophication, through sequentially enhancing net
primary production, organic matter export, and benthic oxygen
consumption, has been identified as predominant factor
exacerbating coastal hypoxia (Diaz and Rosenberg, 2008;
Breitburg et al., 2018).

The apparent oxygen utilization (AOU), defined as the difference
between the DO solubility at in situ temperature and salinity and the
measured concentration, has been extensively employed in investigating
oxygen dynamics and biogeochemical processes. In open oceans, robust
correlations between colored dissolved organic matter (CDOM), humic-
like fluorescent dissolved organic matter (FDOM), and AOU have been
demonstrated to reflect microbial production of these compounds in
deep waters (Yamashita and Tanoue, 2008; Nelson and Siegel, 2013;
Xiao et al,, 2023). In combination with the water mass age, AOU can
also estimate both the oxygen utilization rates (Feely et al, 2004;
Karstensen et al., 2008; Engel et al., 2022) and the turnover times of
CDOM and FDOM (Catala et al., 2015a, b). In estuarine and coastal
hypoxic waters, the relationships between AOU and the concentration
of carbon dioxide (CO,) and Brunt-Viisilé frequency (N) are frequently
used to quantify the relative contributions of organic matter
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remineralization and water mass mixing to regional oxygen depletion
(Bianchi et al., 2010; Caballero-Alfonso et al., 2015; Su et al., 2017; Zhai
et al, 2019; Chen et al,, 2022a). However, AOU-based estimates of
microbial oxygen consumption contain inherent uncertainties,
primarily due to air-sea disequilibrium during water mass formation
and the non-linear variation of oxygen solubility during mixing
processes (Ito et al,, 2004; Holzer, 2022). To address these limitations
in open ocean, the concept of true oxygen consumption (TOU) was
introduced, defined as the difference between the pre-subduction [DO]
of a water mass and its measured in situ [DO] (Ito et al., 2004). This
approach minimizes errors associated with changes in the hydrological
characteristics of water masses, thereby providing more accurate
estimates of oxygen utilization rates (Ito et al, 2004; Sulpis et al,
2023). In contrast, the estimation of biological oxygen consumption
(BOC) using AOU in shallow estuaries and shelf seas, where bottom
water temperature exhibits significant seasonal variability, particularly
during spring and summer stratification, may introduce substantial
systematic errors. This important issue remains insufficiently
investigated in coastal ecosystems.

The Bohai and Yellow Seas (BS and YS), semi-enclosed
marginal seas of the northwest Pacific Ocean, are hydrologically
connected through the Bohai Strait. The YS is further subdivided
into northern and southern regions along the Chengshan Cape
(Shandong Peninsula, China) and Jangyeon-gun (Korea Peninsula)
demarcation line (Figure 1). The water column in this area is
vertically well mixed in winter and early spring, while it is
stratified in summer in the BS and in both summer and autumn
in the YS (Wei et al., 2020). A prominent hydrological feature of the
YS is the Yellow Sea Cold Water Mass (YSCWM), which maintains
thermal stratification during warm season. Long-term monitoring
reveals concerning oxygen decline trends, with bottom water DO
decreasing steadily in the BS and both surface and bottom waters
showing reductions in the YS, which are principally driven by
synergistic effects of ocean warming and intensified eutrophication
(Wei et al., 2019; Zhai et al., 2019). DO dynamics in surface water
demonstrate strong seasonal coupling with sea surface temperature
(SST), exhibiting winter/spring maxima followed by pronounced
summer/autumn minima (Zhao et al, 2017; Xiong et al., 2020;
Zhang et al., 2022). Phytoplankton photosynthesis further regulates
the saturation state of DO in surface water. Oxygen depletion
preferentially develops in stratified deep zones during summer,
where water column stability inhibits vertical oxygen replenishment
(Zhai et al., 2019; Xiong et al., 2020). The miniaturization of
phytoplankton community has amplified water column oxygen
demand, exacerbating bottom hypoxia in the BS (Song et al.,
2020; Wei et al,, 2021). Meteorological forcing (wind intensity)
and lateral transport further modulate the duration and intensity of
oxygen depletion (Zhang et al., 2022). The YS experiences
analogous oxygen depletion mechanisms, where the persistent
YSCWM creates prolonged low-DO conditions in summer-
autumn periods (Guo et al.,, 2020; Xiong et al., 2020).

Owing to the constraints of in situ observational capabilities and
the complexity of interacting among marine processes, previous
studies have not comprehensively addressed the spatiotemporal
dynamics of DO in both surface and bottom waters in the BS and
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Bathymetry of the Bohai Sea (BS), northern Yellow Sea (nYS), and southern Yellow Sea (sYS). The black lines are the boundaries of the BS, nYS, and
sYS. CC, JYG, CMI, and JJI denote Chengshan Cape, Jangyeon-gun, Chongming Island, and Jeju Island, respectively.

YS. Consequently, fundamental aspects including seasonal DO
variability and the quantitative contributions of competing physical
versus biogeochemical processes remain poorly understood. Building
on the efficacy of numerical modeling in oxygen dynamics research
(Fennel et al., 2022), this study employs a coupled physical-
biogeochemical model approach to (1) characterize the seasonal DO
variations in the surface and bottom waters in the BS and YS, (2)
quantify the relative contributions of the physical and biological
processes to DO variabilities, and (3) critically evaluate the
systematic biases in using AOU as a proxy for BOC in shallow shelf
environments. Through this multidimensional analysis, we aim to
establish a more robust framework for estimating BOC, and advance
our mechanistic understanding of oxygen dynamics in temperate
shelf ecosystems.

2 Materials and methods

2.1 Observation

Multi-year in situ observations of temperature, salinity,
dissolved inorganic nitrogen (DIN), and DO concentrations were
conducted in the BS and YS through successive cruises between
2009 and 2017 (Supplementary Table S1). Temperature and salinity
were observed by a Seabird CTD (SBE19+/SBE911+). The [DO]s in
the surface and bottom waters were determined using the Winkler
titration method, with the uncertainty below 0.5%. Nutrients
analyses (nitrate, nitrite, and ammonium) were performed using a
QuAAtro auto analyzer (Seal Analytical, Germany), with DIN being
calculated as the sum of nitrate, nitrite, and ammonium. The
detailed description was published by Zhai et al. (2019).
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2.2 Model description

This study employs a coupled physical-biogeochemical model,
previously developed and validated for the BS and YS (Li et al,, 2021;
Zhang et al., 2022; Wang et al., 2023). The physical component of the
model uses the Regional Ocean Modeling System (ROMS; Shchepetkin
and McWilliams, 2005), configured with a horizontal resolution of 2.2
—4.0 km to encompass the BS, YS and northern East China Sea. The
model incorporates 30 vertical layers, with enhanced resolution near
the surface and bottom to resolve boundary layer dynamics. The model
is forced by wind stress along with heat and freshwater fluxes, derived
from the ECMWF ERA-Interim dataset. Open boundary conditions
for temperature, salinity, current and sea surface height are derived
from the Hybrid Coordinate Ocean Model dataset, while the initial
temperature and salinity fields are derived from the World Ocean Atlas
2013 (WOA13) dataset. The biogeochemical module, Carbon Silicate
and Nitrogen Ecosystem (CoSiNE; Chai et al., 2002; Xiu and Chai,
2011), contains DIN (nitrate plus ammonium), phosphate, silicate,
oxygen, two classes of phytoplankton (picophytoplankton, diatoms),
zooplankton (microzooplankton, mesozooplankton) and detritus
(nitrogen-containing detritus, silicon-containing detritus). Key
oxygen-related biogeochemical processes explicitly resolved include
phytoplankton primary production, zooplankton respiration,
remineralization of organic detritus, nitrification and denitrification,
are considered in the model. The controlling equation for DO
(Equation 1) is expressed below:

aDO__uE)DO+VaDO+waDO)+[K(82DO
ot 9x oy 0z 1 ax?
9> DO 9’ DO

+a—yz)+va)]+PP+BOC+FDO (1)
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where t is time, x and y denote the two horizontal directions,
and z denotes the vertical direction. Velocities in the x, y, and z
directions are represented by u, v and w, respectively. The
horizontal and vertical diffusion coefficients are represented by K;
and K, respectively. PP is the oxygen production by net
phytoplankton photosynthesis. BOC includes zooplankton
respiration, detritus remineralization and nitrification. Fpo
represents the air-sea oxygen exchange flux. The first and second
terms on the right-hand side of the equation represent oxygen
advection and diftusion, respectively. The initial conditions and
open boundaries of biological variables are derived from the
Copernicus Marine Environment Monitoring Service dataset
(https://marine.copernicus.eu/), except for initial nutrients and
DO that are obtained from the WOAI13 dataset. The model is
integrated from 2006 to 2017, with the first two years (2006—2007)
allocated for spin-up to minimize initialization shocks. To
characterize the seasonal variability, climatological mean states of
temperature, salinity and DO are derived from the 10-year averaged
results (2008-2017).

2.3 Calculation of DO saturation, AOU, and
stratification

DO saturation (DO%) is calculated as the ratio of the in situ
[DO] to oxygen solubility, where solubility represents the
theoretical equilibrium [DO] with the atmosphere and is
computed from potential temperature and salinity (Garcia and
Gordon, 1992). AOU is derived as the difference between the DO
solubility and in situ [DO]. Water column stratification intensity is

10.3389/fmars.2025.1600636

quantified using the squared Brunt-Viisili frequency (N?)
(Equation 2), calculated as

2 _

_gap

poz @

where g (9.8 m s7) is the gravitational acceleration, p is the
seawater density, and z is the water depth. Strong water column
stratification, marked by a well-developed pycnocline, is identified
s (Jackett and Mcdougall, 1995). During
stratified season, the pycnocline is served as the boundary

when N? exceeds 107°

delineating the upper and lower mixed layers for oxygen budget
calculations. In regions lacking pronounced stratification, the depth
of N? maximum is employed as the interface between these layers.

3 Results
3.1 Model validation

The simulated spatiotemporal patterns of temperature, salinity,
DIN, and DO demonstrate strong agreement with in situ observations,
as evidenced by comprehensive validation metrics and comparative
analysis (Figures 2; Supplementary Figures S1-S6). Statistical
evaluation using correlation coefficients (r), cost function (CF), and
root mean square error (RMSE) confirms the model’s robust
performance in capturing key biogeochemical dynamics. The
simulation achieves accuracy spatiotemporal distribution of
temperature with r, CF, and RMSE being 0.96, 0.21, and 0.28°C,
respectively, and effectively reproducing the south-north decline in
winter, and the distinct inshore-offshore temperature gradient in
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FIGURE 2
Comparison of modeled [DOls (colored map) with their corresponding in situ observed [DO]s (discrete points) in January 2016 (a, e), August to
September 2015 (b, f), and October 2017 (c, g) in the surface and bottom waters of the BS and YS, and scatter plots of the modeled versus all in situ
observations as shown in Supplementary Table S1 (d, h). In panel (d, h), the black dashed lines are the 1:1 lines, and the blue lines are the linear
regressed lines.
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summer. The model successfully resolves the formation and
distribution of the deep cold water mass in the mid BS and YS. The
model also reproduces low salinity in summer and near the estuary due
to freshwater input, with r, CF, and RMSE of 0.82, 0.62 and
0.87, respectively.

The model effectively characterizes the biogeochemical
dynamics of DIN and DO, demonstrating strong consistency with
observational patterns (Figure 2). The simulation (r = 0.71, CF =
0.80, and RMSE = 1.06 umol L™ successfully resolves two critical
features for DIN distributions: the estuarine enrichment with
progressive offshore decline, reflecting riverine nutrient input; and
the distinct seasonal variation showing surface layer minima in
spring-summer and maxima in autumn-winter. This dual-scale
pattern aligns with observed nutrient dynamics driven by
seasonal variations in riverine discharge, phytoplankton uptake,
and vertical mixing processes. The model (r = 0.89, CF = 0.40,
RMSE = 0.58 pmol L) also accurately reproduces both spatial
heterogeneity and seasonal variability of DO. The simulation

surface bottom

C

J FMAMIJJASOND

FIGURE 3
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captures high DO in surface and bottom waters during winter,
contrasting with summer-autumn depletion patterns of the bottom
waters. Notably, the model reproduces the oxygen-deficient zones
in the central BS and western YS.

3.2 Seasonal variations of temperature and
salinity

The results reveal that SST and sea bottom temperature (SBT)
follow synchronized monthly variation pattern. The minima of SST
and SBT are equivalent in the BS, northern YS (nYS), and southern
YS (sYS), which occurs in February, with the values of 1.4°C, 3.0°C,
and 6.6°C, respectively (Figures 3a—c), demonstrating completely
vertical mixing under winter monsoon forcing. SST overall peaks in
August and exceeds 25°C, whereas SBT maxima lag until
September, being 22.7°C in the BS, followed by 16.9°C in the nYS
and 16.2°C in the sYS. Obvious difference between SST and SBT
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occurs from May to September in the BS, whereas it is from March
to November in the YS, consistent with previous studies (Zou et al.,
2000; Wei et al,, 2020). Meanwhile, significant cold water masses
exist in the middle BS in summer and the YS in summer and
autumn, with stratified regions almost coinciding with them
(Supplementary Figures S7, S8).

Sea surface and bottom salinity (SSS and SBS) in the BS and YS
show inverse temporal variations relative to SST and SBT, with the
mean values higher in winter and lower in summer (Figures 3d-f).
Associated with relatively higher precipitation and river discharge
during summer, the minima of salinity occur in August in the
surface layer, with the mean values of 31.8 in the BS, 31.6 in the nYS,
and 30.2 in the sYS, respectively. Spatially, the salinity indicates low
values near the estuaries both at the bottom and the surface,
whereas the diluted water spreads further at the surface
(Supplementary Figures S9, S10).

The water column is vertically well mixed in winter and spring
in both the BS and YS. Strong stratification (N? > 107 s72) is
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established from early June to late August in the BS. The duration of
stratification status in the YS is much longer than that in the BS,
which begins in late April and disappears in November
(Supplementary Figure S11). The cold water masses are consistent
with the stratified region indicating that the substantial vertical
difference of temperature is the primary factor leading to
stratification (Tu, 1992).

3.3 Seasonal variation of DO

Surface and bottom [DO]s in the BS and YS possess
pronounced seasonal variations (Figures 4a—c), which exhibit an
inverse relationship with water temperature (Figures 3a—c). During
the period of October to April in the BS and December to March in
the YS, low temperature combined with vigorous vertical mixing
maintain relatively high and uniform [DO] throughout the water
column. The maximum [DO]s in the water column occur in March,
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reaching 352.6 pumol L' in the BS, 332.7 wmol L !in the nYS, and
303.2 umol L™ in the sYS, respectively. The establishment of
vertical stratification commencing in late spring initiates a
progressive oxygen decline in both surface and bottom waters
until reaching the minima in August, with the values of 210.7
umol L™, 222.1 pmol L™, and 216.2 umol L™ in the surface waters
in the BS, nYS, and sYS, and 173.9 pumol LY 206.9 pmol LY and
183.0 umol L' in the corresponding bottom waters, respectively.
During this period, the [DO] in the surface water is consistently
higher than that in the bottom water, with the maximum difference
of 36.8 umol L™" in August in the BS, followed by 33.2 wmol L™ in
the sYS and 14.2 umol L™" in the nYS in September. The lowest
[DO] in the surface water locates in the central YS, whereas, in the
bottom water, it occurs in the central BS and western YS (Figures 5,
6), being considered as the oxygen depleted zones.

The DO% in the surface and bottom layers exhibits
fundamentally distinct seasonal variations (Figures 4d-f). Surface

10.3389/fmars.2025.1600636

DO is obviously supersaturated in spring and summer,
transitioning to near equilibrium (98%-100%) in autumn and
winter. The supersaturation initiates from February and reaches
maximum DO% (>110%) in May to June in the YS and June to July
in the BS. Spatial analysis reveals an extended supersaturation
duration exceeding 300 days in shallow coastal regions,
contrasting with 260 days in the central YS and 240 days in the
central BS (Figure 7a). The bottom DO% is comparable to the
surface in spring before developing stratification, while prominent
undersaturation occurs from June to late September in the BS and
from April to December in the YS. The minimum DO% in the
bottom water occurs in August, with the values of 80%, 85%, and
73% in the BS, nYS, and sYS. Chronic undersaturation persists over
300 days in the central sYS and shorter durations in the central nYS
and BS (Figure 7b). The results demonstrate a more persistent

oxygen depletion in the YS than that in the BS but a relatively lower
[DO] in the BS (Figure 4).
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4 Discussions

4.1 Factors in controlling surface DO

The significant negative relationship between the [DO] and SST
(R? = 0.96) demonstrates that SST is the primary driver of seasonal
[DO] variation in surface seawater (Figures 3a-c, 4a—c), consistent
with previous statistical analyses (Kim et al, 2020; Chen et al,
2022b). The thermal regulation primarily operates through
temperature-dependent solubility that mediates air-sea oxygen
exchange. Specifically, during the continuous autumn-winter
cooling season (Figures 3a-c), enhanced oxygen solubility results
in persistent undersaturation (Figures 4d-f), driving atmospheric
oxygen dissolving in surface seawater. Conversely, the elevation of
SST reduces oxygen solubility and consequentially generates

10.3389/fmars.2025.1600636

supersaturation and promotes oxygen efflux to the atmosphere in
spring and summer (Figures 8a—c). In the YS, the absorption of
atmospheric oxygen shifts from the coast in autumn to the central
regions in winter. Differently from the YS, the BS exhibits reduced
winter oxygen uptake (Figures 9a-d), induced by the quasi-
equilibrium status (~99% saturation) (Figure 4d). In most cases,
the monthly [DO] variation induced by air-to-sea oxygen flux (i.e.,
absorption) maintains approximately 100 umol L™" in each sub-
region, except for that in February in the BS, whereas it is much
lower in September (~0 umol L") and October (~50 pmol L") in
the YS (Figures 8a-c). In spring, the efflux of oxygen to the
atmosphere in the BS is comparable to that in the YS, whereas it
increases in the BS and decreases in the YS in summer, implying a
higher release rate of oxygen to the atmosphere from the BS. The
monthly oxygen solubility differences (ADOs), matching or
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exceeding its corresponding [DO] variation (A[DO]) (Figures 8a-
¢), further evidenced SST controlled the seasonal [DO] variations.
Quantitative analysis suggests SST explains 93% and 90% of the
[DO] variations in winter and spring. Reduced correlations in
summer (R*> = 0.41) and autumn (R® = 0.71) (Supplementary
Figure S12), indicating secondary processes, also influence the
[DO] during warm season (see below).

Net oxygen production via phytoplankton photosynthesis (PP
hereafter, calculated as gross production minus BOC) generally
elevates in spring (monthly average of 113.9 umol L") and summer
(220.8 umol L") and declines in autumn (81.0 pumol L") and

10.3389/fmars.2025.1600636

winter (27.8 umol L™") in the BS (Figures 8a—c). PP mainly occurs
in stratified regions, particularly along tidal fronts and estuaries
(Figures 9e=h). PP in the YS (138.5 pumol L™ is significantly lower
than that in the BS in summer but comparable in other seasons.
Notably, the greatest PP-induced oxygen replenishment in summer
strongly compensates the temperature-induced oxygen decrease,
and thus sustains persistent supersaturation (Figures 4d—f). This
also explains the spatial heterogeneity in summer air-sea fluxes
across sub-regions.

In autumn, vertical oxygen diffusion to the bottom layer is
remarkably enhanced, due to the weakening of the pycnocline. The

40° -
N 4 I'U
380 14
=
36° 0 £
3
34° 4 mg
32° _88
40° —_
N 4 s
38° \n
)
36° 0 g
340 4 s
32° ég
40° ~—
N 4 o
38° T
0
36° i
34° 4 g
a
32° i Z‘3
40° -
N ) =
38° '
=
36° 0 i
340 -2 é
32° 4
118°  122° 126°E 118° 122° 126°E 118° 122° 126°E 118° 122° 126°E
FIGURE 9

Seasonal mean values of Fpo (a—d), PP (e—h), Diff (i-1), and Adv (m—p) in the surface water of the BS and YS. Fpo, PP, Diff, and Adv denote the air—
sea exchange flux, net production via photosynthesis, vertical transportation, and advection, respectively.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2025.1600636
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al.

greatest vertical oxygen diffusion occurs in September in the BS
(245.8 wmol L"), followed by the nYS in November (133.5 umol
L") and the sYS in December (131.1 pmol L™%). The YSCWM
sustains increasing vertical mixing through winter, providing a
mechanistic explanation for the previously mentioned sea-air
oxygen disequilibrium in the YS (Figures 9i-1). Advection process
mainly influences the DO budget in shallow coastal zones, whereas
its overall contribution to the DO budget remains negligible across
most of the study area (Figures 9m—p).

4.2 Factors in controlling bottom DO

In contrast to the surface layer, the seasonal variation of A[DO]
in the bottom layer shows decoupled relationships with ADOs
(Figures 8d—f). From September to May in the BS and January to
April in the YS when the water column is well mixed, A[DO] closely
tracks ADOs, indicating that temperature controls the [DO] in

10.3389/fmars.2025.1600636

bottom water by altering the solubility and thus causing vertical
oxygen replenishment. This thermal dominance dissipates from
June to August in the BS and May to December in the YS when the
water column is stratified and persistent oxygen undersaturation
develops. The results demonstrate SBT can no longer influence the
[DO] during this period. Bottom oxygen budgets indicate vertical
diffusion as the principal source and BOC as the dominant sink.
BOC generally increases in spring, peaks in summer, and weakens
in autumn and winter (Figures 8d—f). Coastal zones and tidal fronts
are BOC hotspots (Figures 10a—d), mirroring surface primary
production patterns. This vertical coupling implies rapid export
of freshly produced labile organic matter from euphotic zone fuels
benthic respiration, consistent with previous studies (Fennel and
Testa, 2019; Song et al., 2020; Chen et al., 2022b; Dai et al., 2023).

The monthly BOC in the BS exhibits a pronounced seasonal
pattern, peaking sharply in July (133.9 umol L") and declining
precipitously in both preceding and subsequent months (Figure 8d).
Similar to the BS, the monthly average BOC in the YS is also much
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TABLE 1 Dates of 100% and minimum DO saturation, intervening
duration, corresponding [DO] at 100% saturation (DO,) and minimum DO
saturation (DO;), TOU, AOU, TOU-AOU discrepancy, and AT in the
bottom waters of the BS and YS.

Region BS nYS sYS
DO% = 100% 14 Jun. 23 Apr. 17 Apr.
Date
Minimum DO% 14 Aug. 16 Sep. 27 Aug.
Duration (day) 61 146 132
Minimum DO% 65.1 77.9 69.8
DO, (umol L) 261.2 307.0 286.1
DO, (umol L") 146.4 201.4 181.1
TOU (umol L) 114.8 105.6 105.0
AOU (umol L) 79.2 58.0 77.4
TOU-AOU (umol L) 35.6 47.6 27.6
AT (°C) 7.8 8.2 5.6

lower in winter. However, during stratification season (May to
September), BOC keeps relatively stable, with the maxima presenting
in May in both the nYS and sYS (Figures 8e, f). The monthly BOC
decreases from north to south, with that in the BS being 1.4-3.6 times
of that in the nYS and 1.4-4.0 of that in the sYS. Notably, depth-
integrated BOC is comparable across regions during their respective
peak periods: 49.8 mmol m™> d™" in the BS from June to August versus
49.1and 49.3 mmol m> d™' in the nYS and sYS from May to
September. This spatial equivalence arises from bathymetric
compensation. The depths of the bottom mixed layers in the nYS
(38.0 m) and sYS (44.0 m) are significantly greater than that in the BS
(12.3 m), counteracting the lower BOC value per unit volume in the YS.

Vertical diffusion exhibits distinct seasonal patterns between the BS
and YS, higher in summer in the BS but lower in autumn and winter in
the YS (Figure 8). Vertical diffusion in the BS in summer
predominantly concentrates in the coastal zones, expanding to the
central zone during autumn. Conversely, it exhibits a progressive
intensification from autumn to winter in the central area of the YS

10.3389/fmars.2025.1600636

(Figures 10e—h). This diffusion variability fundamentally influences
oxygen dynamics. Notably, weakened vertical mixing in stratified
waters creates favorable conditions for summer oxygen depletion
development and persistence, as documented in previous studies
(Hetland and DiMarco, 2008; Zhang et al., 2022). Subsequent
enhanced diffusion in the BS in autumn is driven by strong vertical
mixing and facilitated by elevated air-sea exchange processes as
described earlier. A delayed response occurs in the YS, with
significant diffusion recovery occurring primarily in winter,
particularly within the YSCWM region. In all four seasons, the
advection process, like the surface, is minor in the central region but
contributes a measurable effect in the coastal zones (Figures 10i-1).

The combing effects of vertical diffusion, advection and BOC
drive a progressive decline of bottom water [DO] from March to
August (see Section 3.3). In this duration, the BS exhibits a mean
[DO] decline of 1.88 umol L™" d!, approximately 2.5 times of that
in the YS (0.78 pmol L™ d™), consistent with previous in situ
investigations in these regions (Song et al., 2020; Xiong et al., 2020).
Moreover, the [DO] decreasing rate in the BS significantly exceeds
that in the Gulf of Mexico (1.04 umol L™ d™*) (Fennel et al., 2016)
but lower than that in the Chesapeake Bay (2.32 umol Ltd™" (Li
et al., 2015). This should be attributed to the different organic
matter fluxes, with greater oxygen production rates in the euphotic
zone of the Chesapeake Bay (100-200 mmol O, m > day ), driving
proportionally higher particulate organic matter sedimentation
compared to the BS (50-100 mmol O, m™ dayil).

4.3 Underestimation of oxygen
consumption by AOU

AOU has been widely used to indicate the net BOC in hypoxic
zone (Bianchi et al, 2010; Chen et al, 2022a) to estimate the
contributions of aerobic respiration to regional oxygen depletion (Su
et al,, 2017; Zhai et al,, 2019) and associated nutrient dynamics (Zhu
etal, 2011). As mentioned above (see Section 4.2), the [DO] in oxygen-
depleted bottom water becomes decoupled from temperature-
dependent solubility controls under undersaturated conditions.
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However, the variation of SBT during hypoxic events can intrinsically
influence AOU calculations, introducing systematic error in the net
BOC estimation, consistent with the methodological limitation
previously documented in open ocean (Ito et al., 2004; Holzer, 2022).
To address this constraint in coastal systems, true oxygen utilization
(TOU) is proposed as a more accurate metric, calculated as the
difference between the [DO] at the oxygen saturation level of 100%
and the measured [DO] during oxygen depletion development.

In this study, comparative analyses of AOU and TOU at minimum
DO% were conducted in the BS, nYS, and sYS, respectively (Table 1).
The results demonstrate significant discrepancies between the two
metrics, particularly in the nYS where AOU substantially
underestimated oxygen consumption. Extended analysis of other
hypoxic systems reveals similar patterns, with AOU values of 36
umol L' and 80 umol L™" lower than TOU in the Gulf of Mexico
(Fennel et al,, 2016) and Chesapeake Bay (Li et al., 2015), respectively.
These consistent underestimations across diverse coastal hypoxic zones
highlight the critical importance of adopting TOU for accurate BOC
quantification in shallow marine environments.

Relationships between AOU, TOU, and DIN variation (ADIN,
calculated over the same duration as TOU) were systematically
examined (Figures 11a-b). The regression analysis suggests a strong
alignment between ADIN-AOU slope (0.120) and the classical
Redfield ratio (0.116), whereas the ADIN-TOU relationship exhibits
a markedly lower slope (0.086). In our opinion, this divergence likely
reflects substantial denitrification in the BS and YS during oxygen
depletion (Bai et al., 2007), which should be gradually promoted at
lower [DO] (i.e., higher TOU and AOU) (Figures 11a—b). As a result,
the discrepancy between the relationship of ADIN-TOU and the
Redfield ratio becomes larger at lower DO conditions (i.e., higher
TOU). This corroborates our viewpoint from a spatial perspective.
Quantitatively, our model estimates approximately 18.3% of nitrogen
removal via denitrification, which agrees well with in situ observations
(16.7%) in the Bohai Bay (Yang et al., 2014).

The discrepancy between AOU and TOU is primarily attributed to
thermohaline variations during oxygen depletion evolution (Broecker
and Takahashi 1985; Ito et al., 2004). In the BS and YS, SBT exhibits
7.2°C elevation during oxygen depletion, whereas the variation of
salinity is negligible (0.47). Therefore, the underestimation of oxygen
consumption (i.e., the difference between TOU and AOU) is
dominated by temperature shift (AT), as evidenced by a robust linear
correlation (r = 0.9, p < 0.01) between AT and the TOU-AOU
discrepancy (Figure 1lc). These findings highlight the critical
importance of continuous temperature monitoring for accurately
quantifying net oxygen consumption in shallow ecosystems.

5 Conclusions

In this study, a coupled physical-biogeochemical model is used to
investigate the seasonal variation of DO and quantify the contributions
of various physical and biogeochemical processes to the DO budgets in
both the surface and bottom layers in the BS and YS. Surface and
bottom [DO]s present a coincident seasonal pattern, which is overall
opposite to that of temperature. In the surface water, SST dominates
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the [DO], particularly in spring and winter, whereas photosynthesis is
mainly responsible for the supersaturation status in summer and
downward diffusion plays an important role in regulating the [DO]
in autumn. In the bottom water, vertical diffusion and BOC are overall
the predominant source and sink of DO. When the water column is
stratified, BOC, other than temperature, dominates the [DO] and is
mainly responsible for the deoxygenation in bottom water.
Geographically, the YS experiences more moderate and prolonged
oxygen depletion than the BS, associated with the deeper water depth
and thicker bottom layer and persistent stratification. This study also
reveals the underestimation of BOC using AOU in coastal ecosystems.
Therefore, TOU is proposed as a more robust metric in evaluating
BOC for seasonal oxygen-depleted zones. The TOU-AOU discrepancy
is strongly correlated with temperature changes during oxygen
depletion development, suggesting continuous temperature
monitoring as a viable for quantifying oxygen consumption in
shallow coastal ecosystems.
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