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Summertime oxygen depletion has been more and more frequently observed in
the bottom water of the Bohai Sea in the last decade. Based on comprehensive
hydrography and microstructure measurements in summer in the Bohai Sea, the
physical structure and bottom dissolved oxygen (DO) dynamics were
investigated. The study area is characterized by strong tidal currents and
obvious horizontal temperature and DO gradients in the bottom boundary
layer. The strong tidal forcing induces large near-bottom turbulent kinetic
energy dissipation rates (¢ ~ 5 x 107> W kg™ which can be well parameterized
by the law of the wall. Tidal horizontal advection effects dominate the short-term
variations of bottom hydrography. Although the residual current is in a near-
perpendicular direction with the horizontal DO gradient (~94°), the horizontal
residual DO transport was calculated to be 67.4 mg m 2 d™* which is ~ 33% of the
magnitude of sediment oxygen demand. During the observation period, we
observed an intense high-turbidity event leading to a severe drawdown of near-
bottom DO concentration (0.16 mg L™) in 1.5 hours. The DO consumption rate
due to this event was then estimated to be ~ 33.3gm™2d™* (1.39 g m™2 h™) which
is two orders of magnitude larger than the sediment oxygen demand. Rapid DO
consumption can be induced by the great increase in bioavailable surface area in
bottom water and seabed when benthic organic matter is resuspended. This
process should be incorporated into the coupled physical-biogeochemical
model to improve accuracy in simulating DO depletion.
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1 Introduction

Shelf seas are among the most productive ecosystems in the
world ocean and make a disproportionately large contribution to
global marine primary production relative to their size (Wollast,
1998). With the increased influence of human activities, shelf sea
ecosystems are under stress. The continued spread of coastal
eutrophication and global warming have induced more frequent
occurrences of regional hypoxia (i.e., dissolved oxygen
concentrations< 2 mg L!) (Diaz, 2001; Diaz and Rosenberg,
2008). Variability in dissolved oxygen (DO) is controlled by both
physical and biogeochemical processes (Fennel and Testa, 2019; Chi
etal, 2020). The understanding of the dynamics influencing the DO
evolution has important implications for predicting and
mitigating hypoxia.

The bottom hypoxia in shelf seas is regulated by complicated
coupled physical-biogeochemical processes which not only depend
on nutrient concentration and light availability but also on current,
turbulence, and mixing properties (Fennel and Testa, 2019;
Williams et al., 2022). Biogeochemical processes control the DO
consumption (water column oxygen consumption and sediment
oxygen demand) and also production (Fennel and Testa, 2019).
While physical processes do not directly consume DO, they
influence the DO evolution by influencing the supply of DO. For
example, the physical barrier effect of the seasonal pycnocline
inhibits the downward diffusion supply of DO from the upper
layer. This means the seasonal pycnocline is usually the major factor
in controlling benthic hypoxia. The regional difference in the
intensity of stratification can have a significant impact on the
spatial distribution of hypoxia in many of the world’s coastal
oceans (Rabouille et al., 2008; Wei et al,, 2019). The shelf sea
circulation can control the DO supply from the horizontal
direction, therefore modulating the spatial pattern of oxygen
depletion (Cui et al.,, 2018; Zhang et al., 2022).

Although biogeochemical and physical processes make different
contributions to the DO evolution, they are usually strongly coupled
(Fennel and Testa, 2019). For example, intense turbulent mixing in
the pycnocline can facilitate the oxygen supply from the upper layer
to the bottom water (Williams et al., 2022). However, turbulent
mixing near the ocean bottom may induce severe sediment
resuspension which can greatly increase the bioavailable surface
area of organic matter and thus enhance bottom water and
sediment oxygen consumption. This process can induce rapid
oxygen consumption and contribute to the formation of hypoxia
(Greenwood et al,, 2010; Queste et al., 2016). Many of such
processes are simplified in the shelf sea ecosystem models which
then restrict their performance. To accurately predict the
occurrence of coastal hypoxia under future climate scenarios, it is
necessary to improve the understanding of these physical-
biogeochemical coupled processes.

The Bohai Sea (BS) is a semi-closed coastal sea connected to the
Yellow Sea through the Bohai Strait. The increasing eutrophication-
induced phytoplankton community changes and increasing water
column stratification in summer have induced more severe oxygen
depletion in the BS in recent decades (Song et al., 2016; Zhai et al.,

Frontiers in Marine Science

10.3389/fmars.2023.1249344

2019; Wei et al., 2021). The minimum DO cores in the BS are
mainly located in two regions: off Qinhuangdao (QHD) and the
Yellow River Estuary (Wei et al., 2019; Zhang et al., 2022). These
regions have strong stratification and rapid decomposition of
organic matter (Zhao et al., 2017). Previous studies have focused
primarily on the properties and driving mechanisms of the seasonal
(Song et al., 2020; Zhang et al., 2022) and long-term interannual
variations (Wei et al., 2019; Wei et al., 2021) of DO in the BS. Based
on monthly hydrographic observations off QHD, Song et al. (2020)
showed that the bottom DO concentrations had an approximately
linear decreasing trend during the development of hypoxia. In
contrast, only limited studies have investigated the short-time-
scale (tidal or short-term event) variations of DO in the BS.
These short-time-scale properties can often directly reflect the
influence of physical-biogeochemical coupled processes which are
essential to understand hypoxia.

Based on a comprehensive data set including chlorophyll-a,
turbidity, DO, velocity, and microstructure measurements, this
study aims to improve our understanding of the short-term
variations and controlling factors of the bottom DO in the BS.
We show that tidal horizontal advection dominates the variations of
bottom hydrographic properties in the short-term and the residual
current transport can make non-negligible contributions to the DO
budget. The role of a high-turbidity event in inducing rapid DO
consumption is highlighted.

2 Materials and methods
2.1 Field observations

The primary measurements in this study are from one mooring
station and one transect off QHD which is a newly observed oxygen
depletion region in the BS (Wei et al., 2019; Song et al., 2020). The
transect extends along the inshore-offshore direction reaching the
central bank of the BS (Figure 1). Vertical profiles of temperature,
salinity, DO, photosynthetically active radiation (PAR), and
chlorophyll-a were measured using a conductivity-temperature-
depth profiler (CTD, RBR Maestro) with a sample rate of 6 Hz.

The mooring station (Stn) A5 (with a mean water depth of 27
m) is located at the deepest region of the transect lasting 48 h from
22:00, 8 August 2018. The transect observation was carried out
during 8-9 August 2018 just after finishing the mooring
observation. A bottom mooring frame that carried an upward-
looking acoustic Doppler current profiler (ADCP, Signature1000), a
downward-looking acoustic Doppler velocimeter (ADV, Nortek),
and a CTD (RBR Concerto) was equipped at Stn A5. Figure 2 shows
the sketch of the observation at Stn A5. The ADCP measured
vertical profiles of velocity from a height of 1.5 m to 23.5 m with a
vertical resolution of 0.5 m and a temporal resolution of 1 min. The
ADV measured high-frequency velocity fluctuations continuously
at a rate of 32 Hz. The CTD (RBR Concerto) measured the near-
bottom temperature, DO, and turbidity. Besides the mooring
observations, we deployed the CTD (RBR Maestro) and a vertical
microstructure profiler (VMP-200) simultaneously once an hour
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FIGURE 1

Bathymetry of the Bohai Sea with the sampling stations indicated. The black dots and triangles represent the transect and mooring (Stn A5) stations,
respectively. White arrows are schematic circulations in the BS in summer based on the numerical results of Zhou et al. (2017).

during daytime and once every three hours during nighttime to
obtain the continuous time-depth variations of temperature,
salinity, DO, chlorophyll-a, and microstructure shear (Figure 2).
Information regarding the instruments used and corresponding
sampling frequencies and ranges are presented in Table 1. Due to
the absence of simultaneous atmospheric measurements, the sea
surface temperature, net heat flux, wind speed, and significant wave
height are from the ERA5 reanalysis data.

2.2 Data processing

The high-frequency velocity fluctuations measured by ADV
were used to calculate the near-bottom turbulent kinetic energy
dissipation rate (¢) according to the inertial dissipation method
(Yang et al, 2017). In principle, the calculated vertical velocity
spectra of each 1-min segment were fitted to their theoretical forms
within the -5/3 inertial subrange. Based on Taylor’s frozen

ADCP
Signature 1000

FIGURE 2
Sketch of the field observations.
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TABLE 1 Instrument sampling frequencies and corresponding sensor sampling ranges.

Instruments
ADCP
Mooring ADV
CTD (RBR Concerto)
CTD (RBR Maestro)
Hourly deployment
VMP

Sampling frequency (Hz) Sampling range/height (m)

1/60 1.5-23.5
32 0.25
1 0.8
6 Top-bottom
512 Top-bottom

turbulence hypothesis, the energy spectrum can be written as

aU€2/3k—5/3

Sww(f) = T ) (1)

where U is the averaged velocity magnitude over a 1-min
segment, ¢« = 0.71 is the corresponding one-dimensional
Kolmogorov constant, k is the wavenumber, and S, (f) is the
observed vertical velocity frequency spectrum. The turbulent kinetic
energy dissipation rate (¢) was calculated and averaged within the
subrange of 1 and 5 Hz.

Based on Prandtl’s analysis, the near-bottom velocity shear can

be scaled as

ou Ux
= . (2
dz /L @

where ¢ is the mixing length scale. A reasonable choice for ¢
near the bottom is ¢ = Kz, where k (0.41) is the von Karman
constant and z is the height above the bottom. By employing ¢ = xz,
the shear production of turbulent kinetic energy (TKE)

W :
(P=-uwst-

shear production of TKE is then compared with the dissipation of

—vV'w g—;) can then be simplified to % The scaled
turbulent kinetic energy (TKE).

The microstructure shear measured by VMP was used to
calculate ¢ across the water column. Under the assumption of
isotropic turbulence, ¢ was calculated following

e=75W0u/9z) = 7.5v[2¢(k)dk )

where du/dz is the vertical shear of the horizontal velocity
fluctuation, v is the molecular viscosity, ¢(k) is the power spectrum
of the vertical shear, and k; and k are the lower and upper limits of
wavenumber for integration, respectively. € was calculated by fitting the
empirical Nasmyth spectrum to the measured shear spectra over
consecutive segments of 2 m with a 50% overlap. Vertical profiles of
¢ with a vertical resolution of 1 m were then obtained (Xu et al., 2020a;
Yang et al, 2023). The vertical eddy diffusivity (K,,) was calculated
using the Osborn (1980) relation, K, = I' 5. The mixing efficiency (I')
was employed to be the traditional constant value of 0.2
(Osborn, 1980).

The squared velocity shear was calculated following S* =
(g—;)z +(%)2, where u and v are the zonal and meridional

velocities, respectively. The squared buoyancy frequency was

_89p

. )
calculated according to N = oo 97

, where g is the gravitational
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acceleration and p is water density. The gradient Richardson
1;’—22. The residual

currents were calculated by removing tidal constituents from the

number was then calculated according to Ri =

raw velocity measurements. The tidal constituents were analyzed
using the T_TIDE Matlab toolbox (Pawlowicz et al., 2002).

3 Results

3.1 Characteristic physical and
biogeochemical features of the study area

The characteristic physical and biogeochemical features of the
study area were examined based on the transect observations
(Figure 3). The water column remains stratified across the transect.
Despite the overall stable stratification, the stratification weakens as
the bathymetry becomes shallower approaching the coast (Stns Al
and A2). The boundaries of the surface boundary layer (SBL) and
bottom boundary layer (BBL) in this work are defined as the depth at
which the density exceeds 0.1 kg m™ difference with the top and
bottom density measurements, respectively. The stratified interior
layer (IL) is located between the SBL and BBL. There exist apparent
horizontal gradients of temperature and density in the BBL,
indicating the presence of BBL fronts (Figures 3A, C). Such BBL
fronts can act as horizontal barriers restricting the lateral oxygen
supply which favors the maintenance of bottom oxygen depletion
(Zhao et al., 2017; Zhang et al., 2022).

The DO concentration shows a typical three-layer structure: the
oxygenated SBL, oxygen-depleted BBL, and a transition layer
between them (Figure 3F). The depth ranges of the SBL and BBL
varies along the section. The SBL changes from 14 m at Stn Al to 7
m at Stn A9. The BBL has an average thickness of ~ 8 m over the
whole section. Two patchy low-DO zones are located at the west
and east slopes, respectively. The lowest DO concentration appears
at the west low-DO zone which is less than 4 mg L', A subsurface
DO maximum is found at ~ 10 m depth at Stns A6 and A7
corresponding to the high chlorophyll-a concentration there
(Figure 3G). Furthermore, the transect reveals high turbidity at
two low-DO zone (Figure 3H). As we will show below, the
occurrence of a high-turbidity event at the mooring station can
lead to severe oxygen decline. These results, therefore, coincide with
each other, indicating the important role of suspended organic
matter in DO consumption.
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the station names in text nearby. The mooring station (Stn A5) is indicated with the red inverted triangle. The white contours in (C, F, G) represent
the boundaries of the surface and bottom boundary layers. The white areas near the sea surface and bottom have no data due to measurement

limitations.

3.2 Temporal variation of
hydrographic properties

The temperature and salinity at Stn A5 generally shows a three-
layer structure with a warm, fresh SBL, a cold, salty BBL, and a
stratified IL (Figure 4). The temperature and salinity difference
between the surface and bottom layers can reach ~ 12°C, and 1,
respectively. The near-surface temperature showed an increasing
trend throughout the observation period (Figure 4B). This could
have been induced by the warming trend of air temperature
(Figure 4F). The surface warming induced a near-surface
stratification in the upper ~ 8 m after 12 h (Figures 4D, E). The
DO vertically changed from an oxygenated SBL to an oxygen-
depleted BBL (Figure 4H). Higher subsurface DO centration
occasionally occurred corresponding to the periodic occurrence of
high subsurface chlorophyll-a in the IL.

An interesting phenomenon observed here was that the water
column showed a periodic shifting between single and double
pycnocline cases (Figure 4E). Single and double pycnoclines are
mainly found during the high tide and ebb phases, respectively.
Figure 4D shows that the 20.7 and 23.6 kg m™ isopycnolines
periodically move closer and further away from each other.
Figures 5A, B show the representative temperature, salinity, DO,
and chlorophyll-a profiles of the single- and double-pycnocline
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cases at 18 and 24 h, respectively. When the pycnocline was
separated into two parts, the upper and lower pycnoclines were
located around a height of ~18 m and ~10 m, respectively. Higher
subsurface chlorophyll-a and DO concentrations appeared when
there was one single pycnocline that appeared during high tides (12
~20, 38 - 46 h).

The temperature and DO as measured by the moored near-
bottom RBR Concerto and deepest sample of the profiling RBR
Maestro are shown in Figure 6. These two measurements agreed
well with each other, both showing obvious tidal variability. Tidal
advection of different water masses which has apparent spatial
temperature and DO gradient could induce the tidal variability of
hydrographic properties at a fixed location. The tidal variability
agreed with the apparent horizontal temperature and DO gradients
as revealed in the transect observations (Figure 3). Although there
are other factors that may also induce tidal variability, we suggest
tidal horizontal advection is the dominant reason. Supporting
evidence includes that the estimations of horizontal gradient
based on the transect observation and the least squares method of
the moored observations in temporal space show reasonable
agreement with each other. This is examined in detail in Section 5.1.

The highest temperature was observed at ~ 8 and 34 h during the
low tide. The near-bottom DO concentration and temperature
generally showed an opposite variation trend before 37 h. The
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and bottom have no data due to measurement limitations

highest DO concentration was observed during high tides when the
lowest temperature appeared (12 - 20 h). According to this
relationship, we would expect the occurrence of another DO
concentration peak during 37 - 45 h when the near-bottom
temperature was low. However, we observed the lowest bottom DO
concentration (~ 4.3 mg L") during our observation period. This
indicates that the short-term variation of DO is not only influenced
by the tidal horizontal advection of different water masses, but there
are also other processes influencing the evolution of DO.

Along the occurrence of low-DO, a strong high-turbidity event
was observed with the near-bottom turbidity increased by one order
of magnitude (Figure 6D). During that time, the profiling
measurements of turbidity were lower than the moored near-
bottom turbidity measurements. This may be attributed to the
fact that the turbidity can be greatly enhanced when approaching
the seabed. Figure 4] shows that the elevated turbidity was not
restricted near the bottom, but could reach the bottom of the
pycnocline. As we will show, a high-turbidity event plays an
important role in inducing the low DO. The detailed bottom DO
dynamics will be discussed in Section 5.

Frontiers in Marine Science 06

3.3 Current, shear, and
turbulence properties

Figure 7A shows the barotropic tidal ellipses as measured by the
bottom-moored ADCP. The barotropic flow was calculated by
vertically averaging the measured velocity over the whole profile.
The current rotated clockwise with the maximum barotropic velocity
exceeding 0.5 m s™'. Figure 7B shows that the reconstructed tidal
ellipses resemble the current ellipses well. M, and K; represent the
two most important tidal constituents with their ellipses all elongated
in the direction along isobaths. The major axis of M, (0.36 m st is
about two times larger than that of K; (0.19 m s™). This agrees with
the Ocean Atlas and EOT20 model that M, tide is the dominant tidal
constituent in the BS, having larger maximum amplitudes over that of
S5, Ky, and Oy tides (Chen, 1992; Pan et al,, 2022, their Figure 2).
Figures 8A, B show that the observed velocity has little phase
difference in the vertical direction. Most of the large velocity shear
appeared in the pycnocline (Figure 8C). Intensified pycnocline
velocity shear seemed to occur when a double pycnocline was
present (0 — 4, 22 - 28, 44 - 48 h).
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The measured ¢ showed that the strongest turbulence (¢ > 10
w kg’l) was located in the BBL (Figure 8E). Active turbulence in the
SBL was missing because we eliminated the near-surface 10 m VMP
observations which were presumably contaminated by ship-
induced disturbances. Furthermore, the wind speed at Stn A5 was
very weak (< 4.5 m s') during the observation period. The
significant wave height also showed a weakening trend
(Figure 4A). Dissipation in the BBL was dominated by tidally
driven quarter- to semi-diurnal variability which is attributed to
the tidally induced bottom friction. This agrees with the result of Xu
etal. (2020b) which showed that tidal forcing can play an important
role in determining the water column turbulence level in the BS.
Large € can extend to the base of the pycnocline. The potential
occurrence of shear instability can be diagnosed with the gradient
Richardson number. Figure 8D shows that low Ri (Ri< 0.25) mostly
occurred in the BBL corresponding to the intense turbulence there.

The near-bottom ADV measurements revealed a similar close
relationship between the velocity magnitude and turbulence
intensity (Figure 9). The intense dissipation could reach 5 x 107
W kg'!. Figure 9 shows that shear production of TKE P generally
coincided with e during the observation period. This demonstrates
the dominant role of shear production generated by the tidal
bottom friction in inducing the near-bottom turbulence.

Turbulence within the pycnocline was weak (¢ ~ 10° W kg
overall due to the suppression effect of stratification. Consequently,
weak mixing and low values of K, were observed within the
pycnocline (Figure 8F). The pycnocline could then act as a barrier

Frontiers in Marine Science

limiting the vertical DO fluxes and the replenishment of BBL
oxygen. Despite the overall weak turbulence, we found occasional
large € in the pycnocline. Stronger pycnocline turbulence (¢ ~ 10
W kg') was found between the upper and lower pycnoclines
around a height of ~ 15 m when a double pycnocline was
present. This corresponds to the observed Ri< 0.25 between the
upper and lower pycnoclines which were formed due to the weak
stratification there. The bottom DO budget and detailed bottom DO
dynamics are discussed in detail in the next section.

4 Discussion

4.1 Role of horizontal transport
to DO budget

The DO budget in the BBL has been conducted in many
previous studies (Bourgault et al., 2012; Queste et al., 2016; Cui
et al, 2018). Changes in the DO concentration in the BBL are
dominated by physical processes (horizontal/vertical advection and
vertical turbulent fluxes) and biological processes (DO
consumption due to nitrification and bacterial respiration).
Specifically, the biological processes include water column organic
matter respiration (WR) and sediment oxygen demand (SOD).

Based on the same mooring measurements together with
monthly DO measurements in the year 2017 and 2018, Song
et al. (2020) diagnosed the DO budget in the BS. Song et al.
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(2020) showed that the average DO concentration in the bottom
water linearly decreased from May to August, reaching ~ 3.2 mg L™
in August. The monthly DO measurements revealed a net oxygen
consumption rate of 0.075 + 0.011 mg L' d”" in the BBL, translating
into a BBL-integrated net oxygen consumption rate of 970.2 + 141.4
mg m™? d'. The vertical turbulent diffusion flux across the
pycnocline was estimated to be 6.08 + 6.72 mg m™> d™' using the
profiling measurements of K, (as measured by VMP) and DO (as

0.2

04

FIGURE 7

measured by RBR Maestro). The concurrently determined oxygen
flux at the water-sediment boundary layer (SOD) had an average
value 0f 202.2 + 78.1 mg m ™ d”'. Assuming the horizontal advection
transport of DO to be zero, the WR in the BBL was then calculated
to be 766.4 mg m™> d'!, 79% of the net oxygen consumption in the
BBL. The diagnosis of the DO budget above is based on the
assumption of negligible horizontal advection transport of DO
which is applicable when there are negligible horizontal DO

0.2 0.4

(A) Depth-averaged ADCP current ellipses in a 1-min interval. Colors represent the measurement time. (B) The gray line represents the
reconstructed tidal current ellipses based on the harmonic analysis using the T_TIDE Matlab toolbox (Pawlowicz et al.,, 2002). Red and blue lines

represent the M, and K; constituents, respectively.
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FIGURE 8

Time-depth variations of (A) velocity magnitude, (B) velocity direction, (C) squared velocity shear (S?), (D) Richardson number (Ri), (E) €, and (F) K.
Black contours in (D) represent Ri = 0.25. Black contours in (C, E, F) represent isopycnal lines. The overlying black lines represent the time evolution
of surface elevation. The white areas near the sea surface and bottom have no data due to measurement limitations.

gradients or residual currents (Rovelli et al., 2016). Here, the DO
budget as diagnosed by Song et al. (2020) is revisited with the
possible influence of horizontal advective DO transport tested.
Figure 6C shows that the near-bottom DO centration time
series had obvious tidal variability, implying the presence of
horizontal DO gradients. Figure 3 clearly shows the presence of
horizontal temperature and DO gradients along the transect. The
tidal variability is depicted more clearly in Figures 10C, D in that the
near-bottom T and DO showed consistent evolution during the first
37 h. A periodic warm, oxygen-depleted core occurred
simultaneously. This indicates the tidal horizontal advection of
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different water masses (Zhang et al., 2019). From a long-term
view, the horizontal DO advection transport is determined by
both the horizontal DO gradient and residual currents. Previous
studies have shown that the study area is mainly influenced by the
anti-cyclonic flow in the central BS and cyclonic circulation around
the cold pools in Liaodong Bay (Zhou et al., 2017; Zhang et al., 2020,
as also indicated in Figure 10A). Therefore, the situation regarding
the BS here is different from some of the previous studies, for
example, in the central North Sea, where both the residual current
and horizontal DO gradients are small (Rovelli et al, 2016).
Whether the presence of horizontal DO gradients and residual
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Time series of the near-bottom (A) velocity magnitude and direction and (B) & and scaled shear production (). (C) Observed € versus the shear
production based on the law of the wall. The gray line denotes P = ¢.
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(A) Bathymetry (in units of m) in the BS and the location of study sites. Arrows represent the estimated directions of near-bottom horizontal
gradients of temperature/DO, and the residual current. Yellow arrows are a schematic of circulations in the BS in summer based on the numerical
results of Zhou et al. (2017). (B) The vertical profile of residual current magnitude and direction averaged over the observation period. Near-bottom

current ellipses with the near-bottom (C) temperature, and (D) DO superimposed.

currents can contribute to the bottom DO balance was
investigated next.

The horizontal gradient of temperature and DO was first
calculated. Here the horizontal gradients are estimated based on
the near-bottom temperature and DO times series and the least
squares method. Assuming that the horizontal advection dominates
the near-bottom hydrography transport, the temporal variation of
temperature and DO follow

Y o w
ot ox dy

where » represents the near-bottom temperature and DO; x and
y represent the zonal and meridional directions, respectively; and u
and v are the measured near-bottom zonal and meridional
velocities, respectively. The mean horizontal gradient (g—i, g—‘;)
can then be estimated using the least squares method based on
Equation 2. We estimate the horizontal gradients of both

temperature and DO are estimated based on measurements
before 37 h. This is because that, as we will show later, the lowest
DO concentration after 37 h was not driven by tidal advection.
Table 2 summarizes the estimated horizontal gradients with their
directions shown in Figure 10A. The horizontal DO gradient had a
magnitude of 3.4 x 10° mg L' m™". The estimated near-bottom
horizontal temperature and DO gradient were directed in the
opposite direction which agrees with their opposite varying trends
as shown in Figure 6. The horizontal gradient of T was directed to
the coast, reflecting the warming of BBL T towards the coast
(Figure 3A). In contrast, the horizontal gradient of DO was
directed to the central bank which is associated with the low-DO
zone located at the west-sloping region (Figure 3F).

In addition to calculating the horizontal T and DO gradient
based on the near-bottom mooring measurements and the least
squares method, we next calculated the horizontal DO gradient
from the transect observation which allowed the examination of the

TABLE 2 The horizontal gradients of temperature and DO as estimated from Equation 4 and the estimated residual current.

Temperature 1c_;radient DO gradient Residual current
cCm™ (mgLtm™ (cms™?)
Zonal direction 4.7 x 107 13x 107 2.4
Meridional direction 14x 10" 3.1x10° 12

Positive values of gradients represent the eastward and northward increase of temperature/DO.
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gradient in the along-transect direction. The horizontal gradient at
Stn A5 was calculated based on the measurements at Stns A4 and
A6. The averaged values below the depth of 20 m were used which
showed a decreasing and increasing trend from Stns A4 to A6 for T
and DO, respectively (Figures 3A, C). The horizontal gradient of
bottom T and DO in the direction from Stns A4 to A6 was then
estimated to be -9.1 x 10°°C m™ and 22 x 107 mg L' m?,
respectively. The projection of the T and DO gradients estimated
from Equation 4 in the along-transect direction was -9.9 x 10°°C m”
"and 2.4 x 10° mg L' m™, respectively. Therefore, the two
independent estimations of horizontal gradient showed good
agreement with each other with a deviation of less than 10%. This
demonstrates our previous conjecture that the tidal variation of
near-bottom hydrography is induced by the tidal horizontal
advection of different water masses. Note that given the
uncertainties involved in the calculation, one should not expect a
perfect match of horizontal gradients between the above two
methods. For example, the relatively long distances between
transect stations and the tidal variability at transect stations
(which is ignored here) can both induce uncertainties.
Nevertheless, the reasonable agreement between the two methods
suggests that the short-term variations of T and DO are essentially
driven by the tidal horizontal advection. We speculate that the
residual horizontal advection of DO may also play a role in the
bottom DO balance here.

The residual current was calculated as the difference between
the original current and the tidal current. The tidal current was
extracted using the harmonic analysis (T_tide package). Although
the residual currents in the upper layer were variable, they showed a
constant northeastward direction in the BBL (figure omitted). The
vertical profile of the time-averaged residual currents showed that
the residual current in the BBL directs northeastward (Figure 10B).
The averaged residual current was 2.7 cm s ' in the BBL directing
northeastward (63° with 0° directing northward). This coincides
with the previously concluded anti-cyclonic flow in the central BS
which can in turn induce the northeastward residual current at the
study site (Zhou et al., 2017).

Assuming that the horizontal DO gradient is constant in the
BBL, the horizontal advection of DO to our study site was calculated
using the values of the measured residual current and horizontal
DO gradient. The horizontal advection of DO integrated over the
BBL (13 m, to keep consistency with Song et al., 2020) had a value of
67.4 mg m> d’'. Here, a positive value represents that currents
transport relatively high-oxygen water to the study site. The
magnitude of horizontal DO transport was about 33% of the
SOD, but was about one order over the oxygen supply via vertical
turbulent flux. After considering the horizontal and vertical supply
of DO in the bottom DO budget, the WR in the BBL was then
calculated to be the residual reaching 841.5 mg m™> d'. The
estimation of WR here was ~ 75 mg m™> d™' larger than that of
Song et al. (2020), which neglected the horizontal advection and
vertical diffusion supply of DO.

Based on a coupled physical-biogeochemical model, Zhang et al.
(2022) showed that while the net effects of oxygen advection in the
BS are negligible, the spatial distribution of DO is significantly
influenced by the DO advection. The relatively low-oxygen waters
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off QHD are transported northward. Our results, therefore, agree
with the numerical results demonstrating the role of horizontal DO
advection in modulating DO depletion. While we have shown that
the horizontal advection effect contributes to the BBL DO budget
here, the DO advection may play a less important role than those
near estuaries. For example, based on observations in the Pearl
River Estuary and adjacent shelf sea, Cui et al. (2018) showed that
the DO advection by gravitational circulation from DO-rich shelf
benthic waters is roughly balanced by the bacterial respiration in the
water column.

The main reason leading to the less important role of advection
at our study site is that the directions of the residual current and
horizontal DO gradient are nearly perpendicular (~ 94°) to each
other. The reasons for the perpendicular direction are an interesting
topic. The residual currents (circulation) in the summer BS are in
geostrophic balance which mainly flows along the isopycnal lines/
bottom front (Xu et al, 2023). Meanwhile, the isopycnal lines/
bottom front can act as the horizontal barrier of DO; therefore, the
horizontal DO gradient usually exists in the cross-front direction.
This case in a shelf sea is quite different from that in a river estuary
where the gravitational circulation (not in geostrophic balance) has
the same direction as the horizontal DO gradient. However, as we
have shown, despite the less important role of horizontal DO
advection, it can still play an important role in modulating the
DO variation, which agrees with the result of Zhang et al. (2022).
The role of horizontal advection on the bottom DO budget over the
whole BS awaits further exploration based on more observations at
different sites.

4.2 High-turbidity event and its influences
on bottom DO

As discussed above, the near-bottom DO showed distinct
variations before and after 37 h. Warm and oxygen-depleted
water occurred simultaneously which was induced by the tidal
horizontal advection of different water masses as discussed above
(Figure 6C). This induced a negative correlation between the near-
bottom temperature and DO before 37 h. The negative correlation
between temperature and DO is depicted more clearly in Figure 11.
The DO showed a negative correlation with temperature before 37
h. The best linear fitting between DO and temperature followed DO
=-0.21T + 7.83 using the data before 37 h (gray line in Figure 11).
However, the DO concentration during 37 — 45 h deviated from the
linear fitting line.

To depict this more clearly, the temporal variation of DO was
next reconstructed based on two methods. Based on the observed
linear relationship between DO and temperature, the near-bottom
DO concentration after 37 h was first constructed using the linear
relationship between DO and temperature before 37 h. Second, the
near-bottom DO after 37 h was constructed based on the concept of
the tidal advection of water masses. The horizontal DO gradient
estimated in section 5.1 (Table 2) and the observed near-bottom
velocity were first used to estimate the temporal gradient of DO.
The time series of DO concentration was then estimated by
integrating the DO gradient over time. Figure 12B shows that
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these two approaches all predict a DO concentration peak during 38
- 44 h, which is in contrast to the observed DO minimum. The
associated driving mechanism of the unexpected lowest DO
concentration was investigated next.

The occurrence of DO minimum suggests the presence of
factors other than the tidal horizontal advection influence the DO

variation. Along with the occurrence of the low-DO event, we
observed high near-bottom turbidity which was elevated by over
one order of magnitude, reaching 260 nephelometric turbidity units
(NTU) (Figure 12). Figure 11B reveals this more clearly, in that the
abrupt drawdown of DO occurred simultaneously with the high
turbidity. This indicates the role of the high-turbidity event in

0 4 8 12 16 20

24 28 32 36 40 44 48

Time (hours after 22:00, August 8, 2018)

FIGURE 12

Time series of (A) DO in the BBL and near-bottom (B) DO and (C) turbidity. The dotted lines in (A) are separated from each other by 0.5 m with the
uppermost one representing observations at a height of 8 m. The red and blue lines in (B) represent the reconstructed DO based on the best fitted
linear relation with temperature and tidal advection effects, respectively. The vertical dashed line in (B) corresponds to 37 h when the measured and

reconstructed DO start to deviate from each other.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2023.1249344
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al.

inducing the low-DO level. As discussed above, the DO
consumption is mainly due to the water column organic matter
respiration and sediment oxygen demand. A more rapid DO
consumption during that period could have led to the observed
decrease in DO concentration. In the ocean, sediment respiration is
largely limited by the bioavailable surface area at the water-
sediment interface. However, the bioavailable surface area can be
greatly increased with the labile benthic organic matter resuspended
into the water column which is available for oxidation (Greenwood
etal., 2010; Queste et al., 2016). Furthermore, resuspension can also
increase the exposure of anoxic, ammonium-rich sediment to oxic
ammonium-poor bottom waters, thus stimulating seabed oxygen
consumption via nitrification during erosional periods (Moriarty
et al,, 2017; Moriarty et al., 2018). These processes can then lead to
the rapid oxygen consumption. Based on observations at Oyster
Grounds in the North Sea, Greenwood et al. (2010) observed a
strong resuspension event that led to a decrease in DO. The
presented results, therefore, agree with the studies in the North
Sea that the resuspension of benthic organic matter into the water
column induces oxygen consumption (Greenwood et al., 2010;
Queste et al., 2016).

We next sought to quantify the oxygen consumption by the
high-turbidity event. Figure 11B shows that the DO dropped from
44310 4.27 mg L' within 1.5 h. After that, the DO reached another
balanced state. We suggest that the sudden drop of DO
concentration over 1.5 h was due to the rapid oxygen
consumption by the high-turbidity event. Figure 12A shows that
the drop of DO not only occurred near the bottom but also across
the BBL. Assuming the same DO consumption rate within the BBL,
the associated DO consumption rate integrated within the BBL was
then estimated to be ~ 33.3 gm™> d™ (1.39 g m™> h™"). This is over
two orders of magnitude larger than the averaged SOD at the study
site (202.2 + 78.1 mg m™> d'') which demonstrates the important
role of sediment resuspension on the BBL DO variation. This
coincides with the results of the transect observations as
presented above that there is high turbidity at the two low-DO
zones (Figures 3F, H). The estimated increase in DO consumption
rate is larger than the results of previous numerical studies. For
example, based on a coupled hydrodynamic-sediment transport-
biogeochemical model, Moriarty et al. (2017) showed that the
modeled rates of oxygen consumption increased by factors of up
to ~ 2 and ~ 8 in the seabed and below the pycnocline, respectively.
The rates of oxygen consumption may depend on the amount of
labile organic matter and anaerobic metabolites resuspended into
the water column.

A high-turbidity event can be induced by the local sediment
resuspension or advection of a non-local resuspended high-
turbidity water. The simultaneous near-bottom turbulence
measurements allowed us to examine the possibility of strong
turbulence leading to the suspension of seafloor sediments.
However, the near-bottom ¢ showed regular tidal variation during
the observation period which did not show abrupt intensification
when high turbidity occurred (Figure 9). Natural storm events,
internal waves, or human activities such as trawling can all induce
the resuspension of organic material (Greenwood et al., 2010;
Bianucci et al,, 2018; Wang et al,, 2022). The trawling intensity
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and distribution are patchy in the BS (Chen et al., 2022). Our study
area can be subject to trawling activities which can induce severe
disturbances on bottom sediment. Once the sediment is suspended,
the high-turbidity water can then be advected to the study site by
tidal flow.

Based on the available observations, we cannot answer the exact
driving mechanism of the high-turbidity event. Regardless of the
cause, we observed that high turbidity can lead to intense oxygen
consumption of over two orders of magnitude larger than the SOD,
resulting in the short-lived drawdown of near-bottom DO. To the
best of our knowledge, no published study has investigated the effect
of resuspension on oxygen depletion in the BS. The contribution of
the sediment resuspension to the DO evolution over the BS depends
on both the occurrence frequency and intensity of resuspension
events. More observations are needed to evaluate the ecological
consequence of sediment resuspension. Nevertheless, the role of
sediment resuspension in controlling the near-bottom DO
evolution is highlighted in this study. The presented results,
therefore, also highlight the importance of the coupled physical-
biogeochemical model to include the sediment resuspension effect
to improve the accuracy of DO predictions.

5 Conclusions

Based on summertime mooring and transect observations off
Qinhuangdao City in the BS, the properties of hydrography,
turbulence, and BBL DO dynamics were studied. The study area
is characterized by strong tidal forcing and obvious horizontal
temperature and DO gradients in the BBL. The strongest
turbulence was observed in the BBL which was induced by the
bottom friction of tidal currents. The near-bottom ADV
measurements showed that the largest € reached ~ 5 x 10° W kg’
! which could be well parameterized by the law of the wall,
demonstrating the dominant role of local shear production. The
near-bottom temperature and DO showed strong tidal variability.
The agreement between the horizontal temperature and DO
gradients estimated based on two independent methods indicated
the dominant role of tidal advection of different water masses in
inducing the tidal variability. Based on the least squares method, the
horizontal DO gradient was estimated to be 3.4 x 10° mg L™
directed towards the central bank. The residual current directs
northeastward which is nearly perpendicular (94°) to the DO
gradient. However, the calculated horizontal DO transport in the
BBL reached 67.4 mg m™ d'which is about 33% of the SOD. This
indicates the non-negligible role of the horizontal DO transport to
the DO budget.

An interesting phenomenon observed here was the occurrence
of an abnormal low-DO event after 37 h. The near-bottom DO
showed a severe drawdown of 0.16 mg L™ in 1.5 hours. The low-DO
event was different from that induced by the tidal advection effect
which in contrast predicts the occurrence of a DO peak. The
occurrence of low DO was next found to be induced by the
occurrence of a near-bottom high-turbidity event. Resuspended
benthic organic matter can greatly increase the bioavailable surface
area in bottom water and seabed, which can result in much more
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rapid DO consumption. The DO consumption rate induced by the
high-turbidity event was estimated to be ~33.3 gm™=d™" (1.39 g m™
h') which is two orders of magnitude larger than the SOD.
Although the driving mechanism of the high turbidity remains
unknown, its great influence on the bottom DO variation is
demonstrated clearly. The overall contribution of the sediment
resuspension to the DO evolution over the BS depends on both
the occurrence frequency and intensity of resuspension events
which can be influenced by tidal speeds, natural storms, and
trawling activities. This highlights the importance of
understanding and quantifying the impact of resuspension events
on the bottom DO consumption. The presented results highlight
the importance of the coupled physical-biogeochemical model to
include such processes in order to improve accuracy in simulating
shelf sea DO depletion. An observational network simultaneously
monitoring the essential physical and biogeochemical variables
would also facilitate the understanding of DO depletion.
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