
1. Introduction
Seasonal bottom dissolved oxygen stress occurs in both the open ocean and coastal seas (Breitburg et al., 2018; 
Rabalais et al., 2010). In the coastal seas, the rate of oxygen decrease is significantly accelerated by anthropo-
genic eutrophication (Conley et al., 2009, 2011; Rabalais et al., 2001, 2002), which leads to severe oxygen con-
sumption at the near-bottom layer by microbial degradation of organic matter either sinking from high primary 
production at the surface/subsurface or transported from rivers (Najjar et al., 2018). Coastal seas with riverine 
inputs of freshwater and massive organic material and/or nutrients are especially vulnerable to seasonal oxygen 
decrease because organic matter decomposition causes oxygen consumption at the bottom water (e.g., Conley 
et al., 2011) while the supply of oxygen from the surface is concurrently inhibited by the strong vertical strati-
fication associated with heat and freshwater inputs. Severe bottom hypoxia (dissolved oxygen, DO 𝐴𝐴 𝐴 63 mmol 
m−3) is often detected in summer (June, July, and August) in such regions like the north Gulf of Mexico (Rabalais 
et al., 2001, 2002), the Chesapeake Bay (Hagy et al., 2004; Murphy et al., 2011), the Baltic Sea (Carstensen 
et al., 2014; Conley et al., 2009, 2011), and the East China Sea (Chen et al., 2007). Summer bottom oxygen also 

Abstract We identify the local, vertical and lateral processes that cause bottom oxygen variation, 
and characterize timescales for each process using oxygen budget analysis based on a coupled physical-
biogeochemical model for the coastal seas in east China. Local oxygen deficit often occurs in the summer 
season due to the faster local consumption than the vertical replenishment in seasonal timescale. Lateral 
transport of oxygen-rich ambient water replenishes local deficit of bottom dissolved oxygen. Competition 
between local deficit and lateral exchange determines seasonal hypoxia formation and sustainment. Short 
local consumption timescale is favorable for hypoxia formation, and transient hypoxia often forms when the 
local deficit and lateral exchange processes act on comparable timescales, such as the East China Sea in which 
the bottom hypoxia usually lasts for days. Extremely long lateral exchange timescale suggests that dissolved 
oxygen variation is predominantly controlled by local processes, and short local consumption timescale 
often causes increasingly severe seasonal hypoxia until the onset of the relaxation of local deficit, such as the 
bottom hypoxia in the Bohai Sea. Using these timescales to evaluate local deficit relative to vertical and lateral 
residence time and their variability is a convenient and potentially powerful general mechanistic framework to 
evaluate strategies to mitigate coastal hypoxia worldwide.

Plain Language Summary Coastal hypoxia, usually defined as aquatic dissolved oxygen 
concentration lower than 63 mmol m−3, has been a growing problem worldwide. Hypoxia causes detrimental 
effects and interrupts ecosystem functions, such as degradation of biodiversity, compression of habitat, and 
shrink of fish stock. Dissolved oxygen variation attributes to local oxygen consumption via biogeochemical 
process like degradation of organic matter, vertical replenishment via physical processes, and lateral exchange 
via horizontal advection. This study investigates coastal hypoxia from the perspective of timescale since these 
processes regulate dissolved oxygen on different timescales to compare different processes, evaluate bottom 
hypoxia sustainment, and isolate the relative importance of local and vertical, and lateral processes in hypoxia 
formation. We find this framework to have important implications for the comparative effectiveness of local 
ecosystem protection measures.
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shows rapid decline and approaches hypoxia in recent years in the Bohai Sea (Song et al., 2020; Wei et al., 2019), 
a shallow and semi-closed sea in northeast China.

The variation in bottom dissolved oxygen is generally controlled by a combination of local consumption, ver-
tical replenishment, and lateral exchange with adjacent regions. Local consumption is primarily caused by the 
degradation of organic matter; metabolism of oceanic organism also contributes to the consumption of dissolved 
oxygen (Fennel et al., 2013; Yu et al., 2015). Vertical replenishment is driven by physical processes (vertical 
diffusion and convection) associated with wind driven-mixing and winter overturning that supply oxygen from 
surface to bottom (Ni et al., 2016; Zhang et al., 2018; Zhou et al., 2017). Lateral exchange is dominated by hori-
zontal advection with the overall influence characterized by the coastal water residence time, the time required 
to replace water mass in a certain coastal region with (typically higher oxygen) waters from the ambient. The 
residence time is highly linked with local geomorphology, for instance, semi-closed regions like the Bohai Sea 
and the Chesapeake Bay have restricted exchange with adjacent regions, and are associated with pronouncedly 
long water residence time (Liu et al., 2019; Takeoka, 1984).

This study puts forward definitions of rates and timescales for different processes that regulate bottom oxygen 
concentration based on oxygen budget analysis. The East China Sea, different from the semi-closed Bohai Sea, 
has direct connection with the open ocean (Figure 1a). Thus, these coastal seas in east China are investigated as 
a contrasting prototype, and the rates and timescales for bottom oxygen variation are quantified and compared 
among seas (subregions hereafter, Figure 1b) based on a coupled physical-biogeochemical model. The quantifi-
cation and comparisons of these timescales are then used to isolate the relative importance of local and vertical, 
and lateral processes in varying bottom oxygen concentration, which have important implications for the potential 
effectiveness of local ecosystem protection measures.

Figure 1. (a) The entire model domain, in which the paths of the Kuroshio current, the Kuroshio subsurface water intrusion 
are denoted. The circulation pattern in the coastal and shelf water is briefly marked. The red stars denote the locations of 
multiple rivers that introduce both freshwater and nutrients into the study domain. The abbreviations of the currents are for 
Tsushima Warm Current (TWC), Yellow Sea Coastal Current (YSCC), Yellow Sea Warm Current (YSWC), and Bohai Sea 
Coastal Current (BSCC). The abbreviations of the rivers are for Changjiang River (CJ), Guanhe River (GH), Doulonggang 
River (DLG), Yellow River (YR), Haihe River (HH), Yongdinghe River (YDH), Luanhe River (LuanH), Liaohe River (LH), 
Daliaohe River (DLH), Yalvjiang River (YLJ), Hanhe River (HanH), Geum River (GR), Youngsan River (YSR), and Seomjin 
River (SJR). The gray lines are 20, 50, 100, and 200 m isobath. (b) The subregions that selected for oxygen budget analysis. 
Note that the pink marks are observation stations during cruises as listed in Table1, and region deeper than 100 m is blanked.
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2. Methodology
2.1. Observation

In-situ observational measurements used here for model validation were ob-
tained aboard the R/Vs Beidou, and Runjiang during several cruises from 
2011 to 2017 conducted in the East China Sea. A summary of the cruises 
with start and end dates is given in Table 1. Discrete dissolved oxygen con-
centration measurements were obtained using a conventional Winkler titra-
tion (Bryan et al., 1976) of water samples during cruises off the Changjiang 
River estuary and the adjacent East China Sea in 2011, 2013, 2016, and 2017. 
Depths for the collection of water samples were decided at each location on 
the basis of the recorded CTD profile, which usually included a surface sam-
ple (approximately 2 ∼ 3 m underneath the free surface), a bottom sample  
(3 ∼ 5 m above the seabed), samples both above and below the pycnocline, 
and additional samples accordingly in consideration of the water column 
depth.

Satellite-derived daily chlorophyll concentration and high-resolution monthly sea surface temperature were ob-
tained from the Geostationary Ocean Color Imager Level 2 product (GOCI, https://oceandata.sci.gsfc.nasa.gov/
GOCI/L2/) and Moderate Resolution Imaging Spectroradiometer (MODIS, https://oceandata.sci.gsfc.nasa.gov/
MODIS-Aqua/Mapped/Monthly/4km), respectively.

2.2. Model Description

This study used the hydrodynamic model based on Regional Ocean Modeling System (ROMS), Shchepetkin and 
McWilliams (2005) and coupled with a biological model. The hydrodynamic model domain (Figure 1a) encom-
passes the entire Bohai Sea, Yellow Sea, East China Sea, and part of the Japan Sea and deep region offshore. 
The model in this study expanded that in Zhang et al. (2018; 2019; 2021) to include 10 rivers along the coast of 
China (http://www.mwr.gov.cn/), and 4 rivers along the coast of Korea Peninsula (Kim et al., 2013) (Figure 1a). 
This ROMS-based model has 30 vertical layers, with a minimum water depth of 3 m and a maximum depth of 
slightly greater than 7,000 m. The horizontal resolution ranges from <500 m in the upper estuary, to ∼1 km in 
the plume near-field region, and to ∼2 km in the offshore region. The model run was initiated from rest and was 
forced with surface momentum and heat fluxes from the European Center for Medium-Range Weather Fore-
casts (ECMWF, https://www.ecmwf.int/en/forecasts/datasets), freshwater flux, and current and tide at the open 
boundary. The initial and open boundary conditions for physical component are extracted from World Ocean 
Atlas 2013 (WOA13, https://www.nodc.noaa.gov/OC5/woa13/), and monthly Simple Ocean Data Assimilation 
(SODA, https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation), respectively. 13 
tidal constituents (MM, MF, Q1, O1, P1, K1, N2, M2, S2, K2, MN4, M4, and MS4) are imposed based on tidal 
elevations and currents extracted from the global inverse tide model TPXO7.2 of Oregon State University (Egbert 
& Erofeeva, 2002).

The biological component is a nitrogen cycle model (Fennel et al., 2013) expanded to include dynamics of DIP 
(Dissolved Inorganic Phosphorus) (Laurent et al., 2017), which includes two species of dissolved inorganic ni-
trogen (nitrate, NO3, and ammonium, NH4), DIP (phosphate, PO4), one functional phytoplankton group (Phy), 
chlorophyll (Chl) as a separate state variable, one functional zooplankton group (Zoo), two pools of detritus rep-
resenting large, fast-sinking particles (LDet) and suspended, small particles (SDet), and dissolved oxygen (DO) 
as a state variable (Figure 2). The equation of dissolved oxygen budget is given as
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Note that all the budget terms are provided by direct model output and then integrated over the corresponding 
subregions to achieve dissolved oxygen budget. Ox represents dissolved oxygen concentration (mmol m−3), dV 
is the volume of a model grid cell (m3). The first two budget terms on the right-hand side are advection and 

Cruise 
number and 
season Time

Research 
vessel

Total 
sampling 
number

1 Summer 11–29 August 2011 R/V Beidou 69

2 Spring 8–19 May 2013 R/V Beidou 39

3 Summer 6–28 August 2013 R/V Beidou 78

4 Fall 12 October to 6 November 2013 R/V Beidou 34

5 Summer 4–15 July 2016 R/V Runjiang 75

6 Summer 19–28 July 2016 R/V Runjiang 87

7 Summer 20 July to 2 August 2017 R/V Runjiang 88

Table 1 
Research Cruises in the East China Sea During Years 2011–2017 Referred 
to in This Study

https://oceandata.sci.gsfc.nasa.gov/GOCI/L2/
https://oceandata.sci.gsfc.nasa.gov/GOCI/L2/
https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km
https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/Monthly/4km
http://www.mwr.gov.cn/
https://www.ecmwf.int/en/forecasts/datasets
https://www.nodc.noaa.gov/OC5/woa13/
https://climatedataguide.ucar.edu/climate-data/soda-simple-ocean-data-assimilation
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diffusion-induced oxygen changes, respectively, which are direct output of the model. In these terms x, y, and z 
represent the two horizontal coordinates and the vertical coordinate, respectively; u, v, and w represent velocity 
components in x, y, and z coordinates, respectively; KH and KV are the horizontal and vertical diffusivities (m2 
s−1), respectively. The term PP is primary production

𝑃𝑃𝑃𝑃 = ∫ 𝜇𝜇max(𝑇𝑇 )𝑓𝑓 (𝐸𝐸)
(

𝐿𝐿𝑁𝑁𝑁𝑁3

𝐿𝐿𝑁𝑁
𝑅𝑅𝑁𝑁2∶𝑁𝑁𝑁𝑁3 +

𝐿𝐿𝑁𝑁𝑁𝑁4

𝐿𝐿𝑁𝑁
𝑅𝑅𝑁𝑁2∶𝑁𝑁𝑁𝑁4

)

min(𝐿𝐿𝑁𝑁,𝐿𝐿𝑃𝑃 )𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃 , (2)

WCR is water column respiration

𝑊𝑊𝑊𝑊𝑊𝑊 = −∫ 𝑊𝑊𝑂𝑂2∶𝑁𝑁𝑁𝑁4

(

𝑙𝑙𝐵𝐵𝐵𝐵𝑍𝑍𝑍𝑍𝑍𝑍 + 𝑙𝑙𝐸𝐸
𝑃𝑃𝑃𝑃𝑃2

𝑘𝑘𝑃𝑃 + 𝑃𝑃𝑃𝑃𝑃2
𝛽𝛽𝑍𝑍𝑍𝑍𝑍𝑍 + �̂�𝑟𝑁𝑁SD𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + �̂�𝑟𝑁𝑁𝐿𝐿𝑆𝑆𝐿𝐿𝑆𝑆𝑆𝑆𝑆𝑆

)

𝑑𝑑𝑑𝑑 𝑑 (3)

and Nitrif stands for oxygen consumption due to nitrification

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = −∫ 2𝑅𝑅𝑂𝑂2∶𝑁𝑁𝑁𝑁4 �̂�𝑛𝑁𝑁𝑁𝑁4 𝑑𝑑𝑑𝑑 𝑑 (4)

where μmax  =  μ0 × 1.066T (Eppley,  1972) is the maximum growth rate of phytoplankton (day−1), and 

� (�) = ��
√

�2max + �2�2
 (Evans & Parslow, 1985) is light limitation. The intensity of photosynthetic available radia-

tion at depth z, E, is parameterized following Fennel et al. (2011)

𝐸𝐸 = 𝐸𝐸0 ⋅ 𝑃𝑃𝑃𝑃𝑃𝑃 ⋅ exp
(

−𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⋅ 𝑧𝑧 − 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⋅ 𝑧𝑧 − 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ⋅ ∫

𝑧𝑧

0
𝐴𝐴𝐴𝐴𝐴(𝜉𝜉)𝐴𝐴𝜉𝜉

)

, (5)

where E0 is the net solar shortwave radiation at the surface, and PAR is the fraction of photosynthetic availa-
ble radiation to the shortwave radiation. AttSed is parameterized light attenuation caused by sediment. Upper 
estuary is extremely turbid due to the huge amount of sediment flux from the Changjiang and Yellow Rivers, 
and AttSed = 0.7 (salinity < 26); 0.05 (salinity > 26). The 26 isohaline was selected according to the turbidity 
distribution in the upper estuary of the Changjiang River (Wang et al., 2019) which showed that phytoplankton 
bloom occurred at the offshore edge of the high turbidity zone. Light attenuation due to seawater (AttSW) and 

Figure 2. Schematic of the biogeochemical model representing ecosystem processes and pathways. Biogeochemical 
processes that produce and consume dissolved oxygen (O2) are indicated with O2 source and sink, respectively.
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Chlorophyll (AttChl) are 0.04 m−1 and 0.024 86 (mg Chl m2)−1, respectively. Nutrient limitation factors for nitro-
gen and phosphorus are

𝐿𝐿𝑁𝑁𝑁𝑁3 =
𝑁𝑁𝑁𝑁3

𝑘𝑘𝑁𝑁𝑁𝑁3 +𝑁𝑁𝑁𝑁3
⋅

1
1 +𝑁𝑁𝑁𝑁4∕𝑘𝑘𝑁𝑁𝑁𝑁4

, (6)

𝐿𝐿𝑁𝑁𝑁𝑁4 =
𝑁𝑁𝑁𝑁4

𝑘𝑘𝑁𝑁𝑁𝑁4 +𝑁𝑁𝑁𝑁4
, (7)

𝐿𝐿𝑁𝑁 = 𝐿𝐿𝑁𝑁𝑁𝑁3 + 𝐿𝐿𝑁𝑁𝑁𝑁4 , (8)

𝐿𝐿𝑃𝑃 = 𝐷𝐷𝐷𝐷𝑃𝑃
𝑘𝑘𝐷𝐷𝐷𝐷𝑃𝑃 +𝐷𝐷𝐷𝐷𝑃𝑃

. (9)

The rest of the biological parameters are kept identical as those used in Zhang et al. (2018), and the readers are 
referred to Zhang et al. (2018) for the list of the biological parameters.

FSOD and Fair−sea (in units of mmol day−1) are the areal integral of oxygen fluxes across the bottom and the air-
sea interface, respectively. The biological model specifies sediment oxygen demand (SOD) as a negative flux of 
oxygen at the seafloor based on bottom temperature and oxygen concentrations (Hetland & DiMarco, 2008), and 
the areal integral of the flux is

���� = ∫ 6.0
[

mmol m−2day−1] × 2� ∕10.0◦C ×
[

1 − exp
(

− ��
30.0 mmol m−3

)]

��; (10)

the areal integral of gas exchange across the air-sea interface is parameterized as

𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎−𝑠𝑠𝑠𝑠𝑎𝑎 = ∫
𝜈𝜈𝜈𝜈𝑂𝑂2

Δ𝑧𝑧
(𝑂𝑂𝑂𝑂𝑠𝑠𝑎𝑎𝑠𝑠 − 𝑂𝑂𝑂𝑂)𝑑𝑑𝑑𝑑𝑑 (11)

where dS is the area of a model grid cell, 𝐴𝐴 𝐴𝐴𝐴𝐴𝑂𝑂2 is the gas exchange coefficient for oxygen (Wanninkhof, 2014), and 
Oxsat is oxygen concentration at saturation calculated following Garcia and Gordon (1992).

The initial and open boundary conditions for nutrients were extracted from the climatological monthly WOA13. 
The Changjiang riverine nutrient concentration was taken from Gao et al. [2012], the riverine nutrient concentra-
tions for the other 9 rivers along the coast of China were taken from the Bulletin of China Marine Environment 
(http://english.mee.gov.cn), and the riverine nutrient concentrations for the 4 rivers along the coast of Korea 
Peninsula were taken from Kim et al. (2013). This model was initiated in January 2009 and ran for 9 years, and 
4-hourly model output since 2011 was analyzed to ensure sufficient spin-up. Except for the model-observation 
comparison, only model output for 2011–2015 were analyzed and averaged considering the time consuming 
process of the analysis of the vast amounts of model output. The East China Sea subregion is selected as the 
region shallower than 100 m between 26-33°N, because the Changjiang River introduced freshwater and massive 
nutrient loads have the most pronounced impacts in this region.

2.3. Variation Rates and Timescales

Oxygen budget analysis is done for the entire water column, for the upper layer (upper 70% of the water column), 
and for the lower layer (lower 30% of the water column). The bottom boundary layer is a near-bottom layer that 
can be directly affected by the drag of currents on the seafloor (Zhang et al., 2020). A thin bottom boundary 
layer often forms under the intensified stratification, which acts to promote rapid development of bottom hy-
poxia (Wiseman et al., 1997). Model results indicate that the thickness of the bottom boundary layer accounts 
for an average of 28% of the water column depth over the shelf. Thus, the lower 30% of the water column was 
selected to represent the lower layer. The choice of the critical value used to define the lower layer will affect the 
exact value of the budget terms. However, qualitatively different reasonable choices for the critical value (i.e., 
thinner lower layer) will yield the same result. The lower layer is paid close attention because summer hypoxia 
is generally confined within this layer. The dissolved oxygen consumption in the lower layer is caused by local 
biogeochemical processes (WCR, Nitrif, FSOD and PP). The local oxygen consumption rate in the lower layer (𝐴𝐴 𝐴𝐴′

𝑐𝑐 , 
mmol day−1) is defined as

http://english.mee.gov.cn
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𝑅𝑅′
𝑐𝑐 = 𝑊𝑊𝑊𝑊𝑅𝑅 +𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑃𝑃 𝑃 (12)

It is worth mentioning that PP is generally trivial in the lower layer and often negligible. Hence, the supply of 
oxygen by primary production at the bottom is negligible. The vertical replenishment of dissolved oxygen in the 
lower layer is controlled by 𝐴𝐴 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴 = − ∫ 𝑤𝑤𝜕𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
𝐴𝐴𝐴𝐴  , and 𝐴𝐴 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = ∫ 𝜕𝜕

𝜕𝜕𝜕𝜕

(

𝐾𝐾𝐴𝐴
𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

)

𝑑𝑑𝐴𝐴  . Thus, the vertical oxygen 
replenishment rate (𝐴𝐴 𝐴𝐴′

𝑟𝑟 , mmol day−1) is defined as

𝑅𝑅′
𝑟𝑟 = 𝑉𝑉 𝑉𝑉𝑉𝑉𝑉𝑉 + 𝑉𝑉 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑉 (13)

Then, the local oxygen deficit rate (𝐴𝐴 𝐴𝐴′
𝑑𝑑 , mmol day−1), the sum of the local consumption rate and the vertical re-

plenishment rate, is defined as

𝑅𝑅′
𝑑𝑑 = 𝑅𝑅′

𝑐𝑐 +𝑅𝑅′
𝑟𝑟 = (𝑊𝑊𝑊𝑊𝑅𝑅 +𝑁𝑁𝑁𝑁𝑁𝑁𝑟𝑟𝑁𝑁𝑁𝑁 + 𝐹𝐹𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑃𝑃 ) + (𝑉𝑉 𝑉𝑉𝑑𝑑𝑉𝑉 + 𝑉𝑉 𝑆𝑆𝑁𝑁𝑁𝑁𝑁𝑁 ). (14)

The horizontal advection process is considered as the lateral exchange process (horizontal diffusion term is trivial 
and neglected), an adjacent impact, between one region and another to relax local oxygen deficit. Thus, the lateral 
oxygen exchange rate (𝐴𝐴 𝐴𝐴′

𝑒𝑒 , mmol day−1) is defined as

𝑅𝑅′
𝑒𝑒 = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = −∫

(

𝑢𝑢𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝐻𝐻𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

)

𝐻𝐻𝑑𝑑 𝑑 (15)

These rates are then normalized by the area of the corresponding subregion to obtain the normalized rates, and the 
normalized rates (in units of mmol m−2 day−1) are written as Rc, Rr, Rd, and Re, respectively. The competition be-
tween the local oxygen deficit and the lateral exchange determines the net oxygen variation, and persistent oxygen 
loss facilitates the formation of bottom hypoxia. The timescales for local consumption and deficit (τc and τd, day) 
are defined as the time required for these processes to bring water oxygen in a subregion from background-level 
to hypoxic condition (DO 𝐴𝐴 𝐴 63 mmol m−3), and the timescales for vertical replenishment and lateral exchange 
(τr and τe, day) are defined as the time required for these processes to bring water oxygen in a subregion from 
hypoxic condition (DO 𝐴𝐴 𝐴 63 mmol m−3) to background-level. Note the background-level oxygen concentration is 
the summer-averaged oxygen concentration in the lower layer.

2.4. The Calculation of Vertical Stratification

The Brunt-Väisälä frequency, N, is often used to denote the strength of stratification (Brunt, 1927), which is 
defined as

𝑁𝑁2 = −
𝑔𝑔
𝜌𝜌0

𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

, (16)

where g = 9.8 m s−2 is the gravitational acceleration; ρ0 is the background or reference density (1,025 kg m−3); 
ρ is seawater density. Brunt-Väisälä frequency was calculated based on modeled data, and the maximum value, 

𝐴𝐴 𝐴𝐴2
max , of a profile was used here to quantitatively represent the strength of bulk stratification.

3. Results
This coupled physical-biogeochemical model was previously implemented for this regions, and was found to well 
reproduce the observed temperature, salinity, bottom dissolved oxygen concentration (Zhang et al., 2018), and the 
pattern of surface chlorophyll (Zhang et al., 2021) in the East China Sea. The model-observation comparison of 
bottom oxygen is expanded to include 7 research cruises as listed in Table 1. Points generally distribute along the 
diagonal line although some split out slightly (Figure 3), with root-mean-square error RMSE = 43.2 mmol m−3. 
The cruises were conducted in spring, summer, and fall seasons in different year, and observation stations distrib-
ute in both shallow and deep waters over the shelf. The point-to-point comparison implies this model ability in 
decently spatiotemporally reproducing the bottom oxygen concentration in the East China Sea.

This model decently reproduces the sea surface temperature (Figure 4) and captures the pattern of surface chlo-
rophyll (Figure 5) in the Bohai and Yellow Seas. The 5-yr-August-averaged bottom temperature, salinity, and 
dissolved oxygen concentration in the Bohai and Yellow Seas (Figure 6) are compared to published observations 
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Figure 3. (a) Model-data point-to-point comparison of bottom oxygen in the East China Sea. (b) Histogram of observed 
oxygen concentration minus modeled (Obs-Model) oxygen concentration.

Figure 4. Comparison of sea surface temperature between modeled and satellite-derived results.
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due to limited observation in hand. This model successfully captures the features of the Bohai Sea bottom tem-
perature, salinity, and oxygen concentration (see Figure 2 in Wei et al., 2019). Bottom temperature is generally 
high along the coast and at the central shoal area, and low at deeper area (Figure 6a). Fresher areas along the 
coast are associated with the riverine freshwater input (Figure 6b), and the low bottom oxygen center locates at 
the offshore area of Qinhuangdao (Figure 6c). The Yellow Sea bottom cold water mass is well captured by the 
model (Figure 6a), with two cold cores locate at the north and south Yellow Sea, respectively (see Figure 10 
in Yang et al., 2014). Bottom salinity is high in the south Yellow sea and decreases northward (see Figure 1 in 
Xiong et al., 2020) and cores of high bottom oxygen concentration (see Figure 3 in Xiong et al., 2020) generally 
are co-located with the cold cores (Figures 6a–6c). The validation implies that analysis based on this coupled 
model is reliable.

The bottom dissolved oxygen (averaged over the subregions as shown in Figure 1b) shows seasonal variations 
with high bottom oxygen concentration in winter and early spring seasons, and low bottom oxygen concentration 
in summer and early fall seasons (Figure 7a). The onset of bottom oxygen decrease generally occurs in late spring, 
and bottom oxygen reaches the annual minima by the end of summer/early fall season. Model results indicate that 

Figure 5. Comparison of surface chlorophyll concentration between modeled and satellite-derived results.

Figure 6. Plan-view of modeled (a) bottom temperature (b) bottom salinity, and (c) bottom dissolved oxygen in August.
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the Bohai Sea bottom oxygen decrease occurs at a faster rate (larger decrease in the same time period), as shown 
in Figure 7a.

Oxygen budget analysis based on 2011–2015 averaged model data is done for the entire water column, the up-
per layer, and the lower layer (Figures 7b–7d). Note that positive value (source) in the budget means net gain 
of dissolved oxygen via certain process for the analyzed region while negative value (sink) means net loss of 
dissolved oxygen. Surface water gains dissolved oxygen via air-sea flux at the air-sea interface and primary pro-
duction (Figures 7b and 7c) while near-bottom water losses dissolved oxygen via sediment oxygen demand at the 
water-seafloor interface and water column respiration (Figures 7b–7d). Vertical diffusion acts as an oxygen sink 

Figure 7. (a) Modeled annual cycle of bottom dissolved oxygen concentration. Oxygen budget for the Bohai Sea, Yellow 
Sea, and East China Sea for (b) the entire water column (c) the upper layer (the upper 70% of the water column), and (d) the 
lower layer (the lower 30% of the water column). Abbreviations on x-axis in panels B–D are for horizontal advection (HAdv), 
vertical advection (VAdv), horizontal diffusion (HDiff), vertical diffusion (VDiff), primary production (PP), nitrification 
(Nitri), air-sea flux (Fair−sea), sediment oxygen demand (FSOD), water column respiration (WCR), and net change in oxygen 
concentration (Oxyrate). Note that FSOD is zero in the upper layer and Fair−sea is zero in the lower layer by definition.
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for the upper layer while as an oxygen source for the lower layer (Figures 7c and 7d). The annual-averaged net 
change in oxygen inventory (Oxyrate) is trivial among all subregions, which makes sense because the changes 

in dissolved oxygen inventory is expected to be balanced in an annual cycle, 
assuming no fundamental modifications are caused by climate change in one 
year. The oxygen inventory (integral of oxygen concentration) shows a net 
loss in summer which is reflected in the decline of oxygen concentration 
among all subregions (Figure 7).

Lower layer budget analysis is used to identify the roles that different budget 
terms play in the summer bottom oxygen decrease (Figure 7d). Lower lay-
er budget indicates that HAdv, VDiff, and PP are oxygen sources, with the 
former one a lateral process, and the latter two local processes. The bioge-
ochemical processes WCR, Nitrif, and FSOD consume dissolved oxygen and 
act as local oxygen sinks. The process VAdv is a physical process that acts as 
local oxygen sink in the Yellow Sea and East China Sea while as local oxygen 
source in the Bohai Sea. Among all the oxygen budget terms, HDiff, PP, and 
Nitrif are small, with HAdv, VAdv, VDiff, WCR, and FSOD predominant. On 
the other hand, both HAdv and VAdv are weak and considerably smaller in the 
Bohai Sea than in the other two subregions.

The rates and timescales of dissolved oxygen variation in the lower layer are 
compared among the three subregions to isolate the roles of local, vertical 
and lateral processes in seasonal bottom oxygen decrease (Figure 8). Note 
that bottom hypoxia generally occurs in summer, thus, the rates and times-
cales are quantified based on model summer results (Table 2).

Figure 8. Comparisons for lower layer (a) normalized local oxygen consumption rate, Rc, and normalized replenishment rate, 
Rr (b) normalized local oxygen deficit rate, Rd, and normalized exchange rate, Re (c) local oxygen consumption timescale, τc, 
and replenishment timescale, τr, and (d) local oxygen deficit timescale, τd, and exchange timescale, τe. Note that the ratios of 
timescales (τc–τr, τd,τe) are labeled for panels C and D, and the dashed red lines represent 1:1.

Bohai sea Yellow sea East China sea CRE

dz (m) 5.5 13.8 12.4 8.6

Rc (mmol m−2 day−1) −84 −62.2 −84.6 −124.1

Rr (mmol m−2 day−1) 77.8 45 46.7 104

Rd (mmol m−2 day−1) −6.2 −17.2 −38 −20

Re (mmol m−2 day−1) 0.6 6.9 29.7 17.8

τc (day) 9.9 37.9 19.8 7.8

τr (day) 10.7 52 35.9 9.4

τd (day) 134.1 136.4 44.1 48.5

τe (day) 1,501.6 342.8 56.5 54.8

Note. The Rc, Rr, Rd, and Re are the rates for local oxygen consumption, 
vertical oxygen replenishment, local oxygen deficit, and lateral oxygen 
exchange, respectively. The τc, τr, τd, and τe are the timescales for local oxygen 
consumption, vertical oxygen replenishment, local oxygen deficit, and lateral 
oxygen exchange, respectively. Note that dz is the spatial-averaged thickness 
of the lower layer in the three subregions, and the values for normalized 
variation rates are summer-average for the lower layer.

Table 2 
Related Information for the Summer Timescales as Shown in Figures 8c, 8d
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In summer, local oxygen deficit often occurs with a faster bottom oxygen consumption rate than a vertical re-
plenishment rate (Figure 8a), and the net oxygen decrease rate is determined by the competition between lateral 
exchange rate and local deficit rate (Figure 8b). The East China Sea shows the fastest local deficit rate among 
the three subregions, followed by the Yellow Sea, and the Bohai Sea shows the slowest local deficit rate (Ta-
ble 2). However, the extremely slow lateral exchange rate between Bohai Sea and the other subregions (Table 2) 
could cause fast oxygen concentration drop in the lower layer of the Bohai Sea. For instance, the bottom oxygen 
concentration shows the fastest decrease rate in the Bohai Sea (Figure 7a). The bottom oxygen decrease rate in 
the Bohai sea is −5.6 mmol m−2 day−1 (the averaged thickness of the lower layer is 5.5 m, see Table 2), which 
is equivalent to 1.02 mmol m−3 day−1. This rate is relatively slower compared to the observation-based bottom 
oxygen decrease rate, 2.18 mmol m−3 day−1, in Song et al. (2020). The model-based rate is slower because it is a 
spatial-averaged rate over the entire Bohai Sea, and the value in Song et al. (2020) is derived from observations 
in a low-bottom-oxygen area of the Bohai Sea, in which oxygen decrease rate is much faster.

The ratios of local oxygen consumption timescale (τc) to vertical oxygen replenishment timescale (τr) are 1:1.81, 
1:1.37, and 1:1.08 for the East China Sea, the Yellow Sea, and the Bohai Sea, respectively (Figure 8c). The ratios 
are close to the one-to-one line, indicating that the three subregions have one thing in common - comparable 
timescales for local consumption and vertical replenishment processes. In contrast, the ratios of local oxygen 
deficit timescale (τd) to lateral exchange timescale (τe) show large differences among the three subregions, 1:11.2, 
1:2.51, and 1:1.28 for the Bohai Sea, the Yellow Sea, and the East China Sea, respectively (Figure 8d).

4. Discussion
Timescale analysis is an efficient approach to evaluate dissolved oxygen variation and bottom hypoxia formation. 
Fennel and Testa (2019) estimated the timescales of hypoxia and residence based on existing results from mul-
tiple regional systems. Shen et al. (2013) used a two-layer conceptual model based on the timescales of vertical 
exchange, horizontal advection, and biochemical consumption of dissolved oxygen to evaluate lower layer oxygen 
distribution in the Chesapeake Bay. This study uses a high resolution, coupled physical-biogeochemical model to 
simulate dissolved oxygen dynamics in the coastal seas in east China, which enabled us to investigate the roles of 
different physical and biogeochemical processes on oxygen seasonal variation.

Here we use the timescale of local oxygen consumption (Figure 9a), τc, to interpret the effectiveness and efficien-
cy of timescale analysis. Both oxygen change rate and background oxygen condition determine the magnitude of 
timescale. The timescale of local oxygen consumption varies spatially and comparison of this timescale among 

Figure 9. (a) Spatial distribution of τc (b) the ratio of τc and vertical stratification duration, Tsd, and (c) the summer-averaged bottom dissolved oxygen concentration. 
The white and red isolines in panels (b) and (c) represent τc/Tsd = 0.5 and 1, respectively. The gray isolines are 20, 50, and 100 m isobaths. Note that the inshore well-
mixed regions, vertical stratification duration Tsd < 5 days, are blanked.
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subregions indicates the differences of local biogeochemical features. The longer τc in the deep Yellow Sea is due 
to the high background dissolved oxygen condition as shown in Figure 6c. Short timescale indicates that the local 
biogeochemical feature is favorable for bottom hypoxia to form.

This timescale of local oxygen consumption, τc, combines with vertical stratification duration (unit in day) to give 
the bounds of hypoxia and non-hypoxia regions. The vertical stratification duration, Tsd, is defined as the accumu-
lated time that 𝐴𝐴 𝐴𝐴2

max exceeds its summer-averaged value, and Figure 9b shows τc/Tsd. The vertical replenishment 
timescale, τr (controlled by VAdv and VDiff), is very patchy due to complex distribution of vertical component 
of shelf current. Hence, Tsd is used to simply represent replenishment timescale for this comparison. Following 
e-folding timescale principle, hypoxia is prone to form with τc/Tsd < 0.5 while hypoxia is unlikely to form with 
τc/Tsd > 1. Hence, seasonal hypoxia usually forms in coastal regions in east China seas that are confined within 
the white isoline (τc/Tsd = 0.5) as shown in Figure 9b, with the maximum of τc being 25 days. In contrast, hypoxia 
is unlikely to occur in the deep Yellow Sea and offshore regions beyond the red isoline (τc/Tsd = 1). Figure 9c 
shows that low bottom oxygen concentration is generally confined within the coastal regions while the oxygen 
concentration is high in the deep Yellow Sea and offshore regions. The above conclusions are consistent with the 
previous studies (Xomchuk et al., 2021)

Our method of timescale quantification and comparison can be used to understand the processes sustaining oxy-
gen decrease and the occurrence of bottom hypoxia. Note that a subregion is considered as a whole hereafter and 
the discussion of timescale is based on Table 2 and Figure 8. Short τc (<25 days) is favorable for the occurrence 
of hypoxia. The relatively longer τc in the Yellow Sea indicates that hypoxia is unlikely to form there. Extremely 
long τe indicates that oxygen variation of the region is predominantly controlled by local processes, such as in the 
Bohai Sea and the Yellow Sea (Table 2).

Comparable τd and τe under short τc indicate that the local oxygen deficit can be rapidly remitted by supply 
through lateral exchange. Transient seasonal bottom hypoxia often forms under such circumstances, for instance, 
the duration of bottom hypoxic condition off the Changjiang River Estuary in the East China Sea is generally 
short, in the timescale of days (Zhang et al., 2018). The areal extent of bottom hypoxia varies significantly in 
the timescale of days (Figure 10 in Zhang et al. (2018)). In contrast, extremely long τe could cause long-lasting 
bottom hypoxia until the local seasonal oxygen deficit condition is relaxed. For instance, the bottom hypoxic con-
dition in the Chesapeake Bay can last the whole summer and early fall seasons (Murphy et al., 2011). The Bohai 
Sea τe is over 10 times longer than its τd, indicating long-lasting low-bottom-oxygen under short τc in summer 
until the onset of strong cooling and mixing. This is consistent with Song et al. (2020), who observed persistent 
bottom oxygen decrease over the whole summer.

The ratio of τd and τe is insensitive to the domain size of a selected subregion so long as it includes the local 
hypoxic zone in its entirety (Figure 8). The Changjiang River Estuary (CRE) region, the area that is shallower 
than 50 m and seasonal hypoxia usually forms in the East China Sea, was analyzed and compared with the East 
China Sea subregion. The results are shown in Table 2 and Figure 8. The exact values of the corresponding rates 
change with the change of subregion spatial scale. For instance, the local oxygen consumption rate is faster in 
the CRE than that in the East China Sea subregion, this is because the impact of anthropogenic eutrophication 
is profound in the CRE region. In the Bohai Sea, the spatial-averaged bottom oxygen concentration decline 
(1.02 mmol m−3 day−1) is slow compared to the bottom oxygen concentration decline in the low-bottom-oxygen 
area (2.18 mmol m−3 day−1). The exact values of the corresponding timescales also change, such as the replenish-
ment and local oxygen consumption timescales are much shorter in the CRE than in the East China Sea subregion 
(Figure 8c). These are consistent with the findings in Xomchuk et al. (2021) in which the relative importance of 
advection and diffusion could change at different spatial scales. The ratio of τc and τr changes from 1:1.81 in the 
East China Sea subregion to 1:1.21 in the CRE while the ratio of τd and τe shows minor change, from 1:1.28 to 
1:1.13.

The quantification of these timescales is also important in informing efficient mitigation strategies for local 
ecosystem protection. In regions like the East China Sea with comparable τd and τe, processes that elongate τd 
can significantly mitigate bottom hypoxia expansion. A 30% abatement in the Changjiang riverine nutrient con-
centration significantly reduced the horizontal and vertical expansion of hypoxic water off the estuary, and the 
total volume of hypoxic water declined by 46% (Zhang et al., 2021), indicating more optimal space for fishes and 
other marine organisms. Regions like the Bohai Sea are under serious threat of severe seasonal bottom hypoxia. 
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Multiple stressors, like a warming climate and intense anthropogenic activities, working in parallel may wors-
en the situation by decreasing the bottom oxygen concentration minima and elongating the duration of bottom 
hypoxia.

More comprehensive strategies are required to stop the collapse of ecosystems under the threat of long-last-
ing, seasonal bottom hypoxia. Shellfish aquaculture is considered an efficient eutrophication abatement strategy 
(Bricker et al., 2018) because filter-feeding shellfish naturally removes organic matter. Artificial ventilation with 
pumps that can increase vertical replenishment (Stigebrandt et al., 2015) could also be considered as an efficient 
strategy to ease dissolved oxygen stress. Further investigations for the Bohai Sea are needed to further develop 
that can efficiently control bottom hypoxia expansion.

5. Conclusions
This study separates processes that can cause summer bottom oxygen variation into local, vertical and lateral pro-
cesses. The rates and timescales for local consumption, vertical replenishment, local deficit, and lateral exchange 
are defined and quantified using oxygen budget analysis based on a couple physical-biogeochemical model for 
the coastal seas in east China. Hypoxia is prone to form under short timescale for local oxygen consumption 
(τc < 25 days). The East China Sea, Yellow Sea, and Bohai Sea all have comparable τc and τr (timescale for ver-
tical replenishment). In contrast, the ratios of τd (timescale for local oxygen deficit) to τe (timescale for oxygen 
lateral exchange) show large differences among the three subregions. Comparable τd to τe under short τc often 
yields transient seasonal bottom hypoxia to form, such as the East China Sea. Extremely long τe under short τc 
leads to long-lasting bottom hypoxia until the relaxation of local oxygen deficit condition, such as the Bohai Sea.

The definition of these timescales for bottom oxygen variation has general applicability to coastal seas world-
wide. Quantitative comparison of these timescales in one region can isolate the contributions of biogeochemical 
processes induced local oxygen consumption, vertical physical replenishment, and supply by lateral exchange 
with offshore waters to seasonal bottom oxygen variation. Moreover, the comparison of the ratios of these times-
cales among regions can separate the sustainment of bottom hypoxia into transient and long-lasting features, and 
provide an important context for relative vulnerability to changes in nutrient and organic input and stratification 
under changing freshwater supply and climate warming. More comprehensive strategies like land use manage-
ment, aquaculture, and artificial oxygen ventilation for regions under the threat of long-lasting bottom hypoxia 
are required to prevent the cause of irreversible consequences to local ecosystems.

Data Availability Statement
Required data are available at http://doi.org/10.5281/zenodo.5138965.
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