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Effects of typhoons on primary
production and dissolved oxygen
in the East China Sea
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1State Key Laboratory of Estuarine and Coastal Research, East China Normal University,
Shanghai, China, 2Key Laboratory of Ocean Space Resource Management Technology, Ministry of
Natural Resources, Hangzhou, China, 3State Key Laboratory of Satellite Ocean Environment
Dynamics, Second Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China
Previous investigations confirm that typhoons deliver both dissolved oxygen and

nutrient sources via promoting vertical/lateral exchanges between water masses.

The former one replenishes oxygen for the bottomwater and prevents persistent

oxygen depletion, while the latter one facilitates primary production and

subsequent subsurface oxygen consumption. However, it is left unknown if

typhoons ultimately result in net gain or loss of dissolved oxygen during the

passage. Tropical cyclone information, satellite observations, and numerical

simulations were used to investigate the response of primary production and

dissolved oxygen dynamics to typhoons. Results imply that both typhoon

intensity, and distance between typhoon track and the Changjiang estuary

control the magnitude of responses in primary production, air-sea oxygen flux,

advection-induced oxygen variation, and oxygen consumption variation. The

model-based oxygen budget analysis indicated that oxygen content increased

after the passage of all typhoons occurred between 2011-2020. The findings in

this study suggest that typhoons ultimately result in net gain of oxygen. The

increased strength and frequency of typhoon in the warming future would play

an important role in counteracting deoxygenation, which is likely to slow down

the pace of deterioration of the seasonal hypoxia in this region.
KEYWORDS

coastal hypoxia, Changjiang estuary, typhoon, primary production, dissolved
oxygen budget
1 Introduction

The content and change of dissolved oxygen in water affect the survival and

reproduction of marine organisms, and also play a key role in marine biogeochemical

cycles (Levin and Breitburg, 2015; Fennel and Testa, 2019). Oxygen concentration in the

coastal seas has continued to decline due to intensified anthropogenic activities and climate

change (Diaz, 2001; Rabalais et al., 2010; Schmidtko et al., 2017). Low dissolved oxygen

increases disease incidence, jeopardizes survival and reproduction, and ultimately leads to
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marine organism deaths (Dybas, 2005; Breitburg et al., 2018).

Furthermore, bottom hypoxia (oxygen concentration< 2 mg/l)

alters the cycles of important nutrients in the sediment, causing

phosphate and sulfide to be released from sediments (Conley et al.,

2009). Therefore, the study of dissolved oxygen dynamics is both

scientifically and economically important for further understanding

the state of marine ecological environment and maintaining the

stability of marine ecosystem. Dissolved oxygen concentration in

the water column is influenced by the oxygen sources and sinks

induced by physical and biogeochemical processes, including

stratification (Engle et al., 1999; Murphy et al., 2011), regional

circulation (Rabalais et al., 2002; Qian et al., 2017), wind (Ni et al.,

2016; Jalil et al., 2018), tides (Rabouille et al., 2008; Zhou et al.,

2017), and oxygen consumption associated with organic matter

decomposition (Conley et al., 2011).

Typhoons, as episodic strong wind events, regulate the

spatiotemporal characteristics of dissolved oxygen content in the

water column in two different directions. On the one hand,

typhoons mix the water column which cools the sea surface

temperature (Lévy et al., 2012), and serve as oxygen sources to

replenish dissolved oxygen in the bottom water, preventing or

attenuating the bottom oxygen deficiency (Xia and Jiang, 2015;

Zheng et al., 2016; Weinke and Biddanda, 2019). On the other hand,

mixing and upwelling (Falkowski et al., 1991; Li et al., 2022; Lao

et al., 2023a) induced by typhoons and increased runoff (Qiu et al.,

2019; Chen et al., 2024) also provide nutrients to the near-surface

layer and facilitates phytoplankton growth (Robarts et al., 1998; Lin

et al., 2003; Yin et al., 2007; Wang and Xiu, 2022). The subsequent

organic matter decomposition increases oxygen consumption at the

subsurface layer and serves as oxygen sink (Pan et al., 2017; Wang

et al., 2017). Research also showed that organic matter imported

from land or resuspended from sediment during typhoon

consumed dissolved oxygen regardless of whether phytoplankton

blooms occurred after typhoons (Lu et al., 2022; Chen et al., 2023;

Lao et al., 2023c). Typhoons are found to significantly alter the

distribution of primary production (simply represented by

chlorophyll content in this study) and dissolved oxygen

concentration in the Gulf of Mexico (Walker et al., 2005; Gierach

and Subrahmanyam, 2008; Liu et al., 2009), Chesapeake Bay (Miller

et al., 2006), the Arabian Sea (Subrahmanyam et al., 2002), the Pearl

River estuary (Zhao et al., 2009; Qiu et al., 2019; Zhao et al., 2021),

and the Changjiang estuary (Chen et al., 2012; Guo et al., 2019). The

effects of typhoons on primary production and dissolved oxygen are

complex and variable, and highly linked with local topography,

eddies, typhoon intensity, and typhoon track (Lin, 2012; Wang

et al., 2017; Chen et al., 2024). Due to airflow resonance and rainfall

asymmetry, the response on the right side of the typhoon path being

greater than on the left side (Wang and Zhang, 2021; Wu et al.,

2021; Wang and Xiu, 2022). Existing investigations tend to focus on

specific typhoon events (Fogel et al., 1999; Zheng and Tang, 2007;

Tsuchiya et al., 2013). Comparative studies and statistical

conclusions on multiple typhoon events are lacking. Furthermore,

it has long been left unknown if typhoons ultimately serve as oxygen

sources or sinks after the compensation of oxygen replenishment

and consumption effects.
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Changjiang introduces large amounts of freshwater and

nutrients into the East China Sea (Chen et al., 2009), facilitating

bottom oxygen depletion and the formation of bottom hypoxia

(Wei et al., 2015, 2017; Zhou et al., 2017; Zhang et al., 2018). The

East China Sea, on the northwest Pacific Ocean, is repeatedly hit by

typhoons, more than five typhoons visit East China Sea Shelf each

year (Li et al., 2019). In recent years, global warming has caused the

possibility of typhoons/hurricanes to increase as marine heat waves

can trigger typhoon events (Stanley et al., 2001; Wu et al., 2005; Pun

et al., 2023). At the same time, the typhoon intensity increases with

increasing global mean temperatures (Emanuel, 2005; Webster

et al., 2005; Holland and Webster, 2007). In the East China Sea,

Yang et al. (2009) found a significant increase in the landfall

intensity of typhoons from 1949 to 2006. Wu et al. (2005)

showed that over the past four decades the typhoon tracks have

shifted westward significantly. The change of typhoon intensity and

track implied that the impact of typhoons on the dissolved oxygen

dynamics off the Changjiang estuary would also change, as

typhoons can bring water mixing, change circulation, increase

freshwater runoff (Lau et al., 2008; Ni et al., 2016; Zhao et al.,

2021). Hence, the investigation of typhoon impacts on dissolved

oxygen dynamics over the Changjiang estuary is of essential

importance in the sustainment of local ecosystem.

This study investigated the responses of nutrients and primary

production, and discussed the changing direction (net gain or loss)

of dissolved oxygen after the passage of typhoons in the Changjiang

estuary. Data from a coupled physical-biogeochemical model was

used to comprehensively explore the variations in chlorophyll and

dissolved oxygen concentration off the Changjiang estuary area

during the passage of multiple typhoons. The time rate of dissolved

oxygen content change was obtained by quantifying the oxygen

budget to further investigate the aeration effect and the fertilization

effect of typhoons.
2 Materials and methods

2.1 Tropical cyclone information

The tropical cyclone track information and wind speed data

used in this study are obtained from the western North Pacific

Tropical Cyclone database created by the China Meteorological

Administration (https://tcdata.typhoon.org.cn/index.html), which

contains the 6-hourly location and intensity of tropical cyclones

in the western North Pacific (including the South China Sea, north

of the equator and west of 180°E) since 1949. According to the

‘National Standards for the Implementation of Tropical Circus

Levels’ (GBT19201-2006) (Supplementary Table 1) issued by the

China Meteorological Administration, tropical cyclones are divided

into six classes: TD, tropical depression; TS, tropical storm; STS,

severe tropical storm; TY, typhoon; STY, severe typhoon; SuperTY,

super typhoon. For simplicity, we refer to tropical cyclone events of

all intensity classes as typhoons. In the following, the relationship

between typhoon characteristics (typhoon intensity, and distance

between typhoon path and Changjiang estuary) and various
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hydrological variables is explored. In the statistical analysis,

typhoon intensity is expressed by the maximum wind speed of

typhoon center, and the distance between typhoon path and

Changjiang estuary refers to the closest straight-line distance

between the typhoon path and the Changjiang estuary, measured

by the ranging tool provided by the website of the Central

Meteorological Observatory (http://typhoon.nmc.cn/web.html).

This study focused on the tropical cyclones that passed through

and affected the Changjiang estuary during the 10-yrs period from

2011 to 2020. In recent years, the number of tropical cyclone events

above typhoon class has increased, and accounted for about 76% of

the total (Liu et al., 2018; Zhang, 2020). so super typhoon Chan-

hom, Lekima, and severe typhoon Haikui are selected as typical

cases for typhoon intensity analyses (Table 1). While Haikui, Kong-

rey, and Bavi with similar intensity are selected as typical cases for

typhoon track analyses as Haikui made landfall at Xiangshan while

the other two typhoons did not. About 46% of the typhoons that

affect the East China Sea make landfall along China’s eastern coast

(Zhang, 2020). The year 2019 was chosen to analyze chlorophyll

changes throughout two consecutive typhoons. Two typhoons,

Danas and Lekima, passed through the Changjiang estuary in

2019. The intensity and track of the two typhoons were very

different (Table 1). Danas, a tropical storm, generated on July 15

and crossed the Changjiang estuary on July 19 with a wind speed of

23m/s. Lekima is a super typhoon generated on August 4. Lekima

moved slowly and the wind speed weakened rapidly after landing in

Taizhou on August 10, with a maximum wind speed of 52m/s at the

time of landfall. The two typhoons in 2019 occurred 22 days apart,

and the impacts from the first typhoon were significantly weakened

before the second typhoon affected the region. Therefore, the

distinct features of these typhoons in the same year led to better

comparative analysis.
2.2 GOCI satellite data

This study used GOCI (Geostationary Ocean Color Imager)

ch lorophyl l data f rom the COMS sate l l i t e (ht tps : / /

oceandata.sci.gsfc.nasa.gov/directdataaccess/Level-2/GOCI), the

first geostationary satellite sensor dedicated to ocean watercolor

applications. The data span from July 2011 to December 2019, with

high spatial (500 m) and temporal (eight times a day, measurement

acquired every hour from 08:00 to 15:00 daily) resolution, with six
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visible bands and two near-infrared bands. The observation area is

centered at around 130°E, 36°N. The area range is about 2500 km ×

2500 km, covering the Bohai Sea, Yellow Sea, East China Sea, East/

Japan Sea, and part of the South China Sea (Wang et al., 2013).

GOCI data have been widely used for short-term and long-term

regional marine environmental monitoring, disaster and marine

hazard monitoring and prevention, and marine ecosystem and

water quality evaluation and analysis (Ryu et al., 2011; Choi et al.,

2012). This study used its Level-2 Ocean color production,

chlorophyll concentration (CHL) downloaded from NOAA,

which was averaged daily in this paper.
2.3 Coupled physical-
biogeochemical model

This study used the Regional Ocean Modeling System (ROMS)

(Shchepetkin and McWilliams, 2005) hydrodynamic model and

coupled with a biogeochemical model. The hydrodynamic model

domain encompasses the entire Bohai Sea, Yellow Sea, East China

Sea, part of the Japan Sea and deep region offshore (Figure 1). This

ROMS-based model has 30 vertical layers, with a minimum water

depth of 3 m and a maximum depth of slightly greater than 7000 m.

The horizontal resolution ranges from around 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 ERA5 dataset

provided by the European Center for Medium-Range Weather

Forecasts (ECMWF, https://www.ecmwf.int/en/forecasts/datasets),

freshwater flux of Changjiang that obtained from Datong gauging

station, and current and tide at the open boundary. Typhoon is

basically imposed through the winds associated with the ERA5

reanalysis product. The initial and open boundary conditions for

physical component are extracted from the daily Hybrid Coordinate

Ocean Model (HYCOM, https://www.hycom.org/dataserver).

Thirteen 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 and Erofeeva, 2002).

The biogeochemical component is a simplified nitrogen cycle

model (Fennel et al., 2006) expanded to include the dynamics of

DIP (Dissolved Inorganic Phosphorus) (Laurent et al., 2017). A

mass-conserving sediment oxygen demand was specified following
TABLE 1 Table of typhoons mentioned below.

Typhoon Intensity
Date of passing through the

Changjiang estuary
Translation Speed/

km h�1
Landfall
Location

Bavi SuperTY 2020.8.25 20

Lekima SuperTY 2019.8.10 17 Taizhou

Danas TS 2019.7.19 27.8

Chan-hom SuperTY 2015.7.11 28 Zhoushan

Kong-rey STS 2013.8.30 35

Haikui STY 2012.8.8 15 Xiangshan
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Fennel et al. (2006), which assumes all sinking (aquatic

phytoplankton-derived) oceanic organic matter that reaches the

water-sediment interface is remineralized instantaneously. This

sediment treatment consumes dissolved oxygen and releases NH4

and PO4 to the bottom water, and a portion of the organic nitrogen

is lost to nitrogen gas (N2) via denitrification. The same

biogeochemical model scheme has been successfully applied and

shown satisfying performance in other hypoxic regions, including

the northern Gulf of Mexico, and the Chesapeake Bay (Fennel et al.,

2013; Feng et al., 2015). The initial and open boundary conditions

for nutrients and oxygen were extracted from the climatological

monthly World Ocean Atlas 2013 (WOA13, https : / /

www.nodc.noaa.gov/OC5/woa13/). A full description of the

model setup is provided in Zhang (2022) and Zhang et al. (2018).

This coupled model has been validated to be in good agreement

with the observed data from multiple research surveys for

temperature, salinity, and bottom dissolved oxygen (RMSEs of

1.66, 2.22 and 0.95 for temperature, salinity, and bottom

dissolved oxygen, respectively) (Zhang et al., 2019, 2018). The sea

surface chlorophyll was compared with satellite data (Zhang et al.,

2021). This model has been used to investigate oxygen dynamics off

the Changjiang estuary and factors controlling short-timescale

spatiotemporal spread of seasonal hypoxia off the estuary (Zhang

et al., 2018, 2022). In this study, the modeled bottom dissolved

oxygen and surface chlorophyll were further verified, which can be

seen in the Supplementary information (Supplementary Figures 1,

2). The verification results show that the model performance is

decent and the analysis of dynamical and biological processes in the

Changjiang estuary region based on this model is reliable. In this

study, the model is initiated in January 2009 and runs for 12 years,

with the first two years constituting the spin-up period for the

model. This paper focus on the Changjiang estuary and its adjacent

waters, so we selected the study area as the black box (26-34°N, 119-
Frontiers in Marine Science 04
128°E) indicated in Figure 1A, and the area is included in the

model domain.
2.4 Calculation of dissolved oxygen
budget terms

The time rate of dissolved oxygen content changes in the water

column due to each process can quantitatively describe the variables

evolution during typhoon and help explore the driving mechanism.

The equation of dissolved oxygen content is given as.

Z  ∂Ox
∂ t

dV = −

Z 

u
∂Ox
∂ x

+ v
∂Ox
∂ y

+ w
∂Ox
∂ z

� �
dV

+
Z  ∂

∂ x
KH

∂Ox
∂ x

� �
+

∂

∂ y
KH

∂Ox
∂ y

� �
+

∂

∂ z
KV

∂Ox
∂ z
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dV

+ PP +WCR + FSOD + Fair−sea (1)

Note that all the budget terms are provided by direct model

output and then integrated over the corresponding regions to

achieve dissolved oxygen budget. Ox represents dissolved oxygen

concentration (mmol m-3), dV is the volume of a model grid cell

(m3). The time rate of dissolved oxygen content changes (the

left-hand side term) is the change rate of oxygen content over

time due to combined effects of all the physical and

biogeochemical processes on the right-hand side. The first two

budget terms on the right-hand side are advection and diffusion-

induced oxygen changes, respectively. The term PP is the oxygen

released by primary producers during photosynthesis, WCR is

oxygen consumption in the water due to water column

respiration and nitrification. FSOD and Fair-sea are the areal

integral of oxygen fluxes across the bottom and the air-sea

interface, respectively. The FSOD is calculated following Fennel

et al. (2006). The readers are referred to Supplementary
FIGURE 1

Map of the model domain, (A) the bathymetry of the model domain, with the red dot indicating the location of Changjiang and the red curve
indicating the Kuroshio current, the black square marks the study region; (B) the study region, the black box indicates the region for calculating
oxygen budget and the red lines are the 31.5°N and 28.5°N transects.
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information for the detailed definition of each term and Zhang

et al. (2018) for the list of the biological parameters. The oxygen

budget analysis focuses primarily on advection, diffusion,

primary production, and air-sea flux terms, and the remaining

water column respiration, nitrification, and sediment oxygen

consumption are combined and represented as ‘others’ in the

subsequent figures and text.

In this study, we calculated the changes in dissolved oxygen due

to each process (oxygen budget) to explore the response of dissolved

oxygen to typhoons, and here we calculated the oxygen budget for

the region as marked by the black box in Figure 1B. In 2017, no

typhoon affected the Changjiang estuary region in July and August.

Therefore, this study defines 2017 as a typhoon-free year, and the

2017 oxygen budget was used as a control group.
2.5 Surface chlorophyll after typhoon
based on GOCI data

GOCI chlorophyll data was collected during typhoons from

2011 to 2020. The satellite data showed that the locations of high

chlorophyll concentrations changed pre- and post-typhoons

(Figure 2, only a few typhoons are selected to show here). After

Typhoon Lekima in 2019, the location of high chlorophyll

concentration shifted to the south and appeared in coastal areas

of Zhejiang (Figures 2B, E). After Typhoons in 2013 and 2020, the

high chlorophyll both appeared offshore at a depth deeper than

50 m (Figures 2A, D, and 2C, F). Although high chlorophyll

concentrations all appeared in the study region after the passage

of these typhoons, the post-typhoons high-concentration locations

of these typhoons were distinct (Figure 2).

Then, we selected 2018, the year with the most complete

satellite images and frequent typhoons, for further analysis. In

the summer of 2018, 5 typhoons successively passed through the

selected region, including three severe tropical storms and two

severe typhoons (Supplementary Figure 3). The 5 typhoons

brought distinct chlorophyll changes (Figures 2G–L). The

chlorophyll after Typhoons Ampil, Yagi, and Soulik did not

significantly increase (Figures 2H, J, L), while after Typhoons

Jongdari and Rumbia, the chlorophyll significantly increased

(Figures 2I, K). The areas where chlorophyll increased after

Typhoons Jongdari and Rumbia were different (Figures 2I, K).

The area of high chlorophyll concentration after Ampil was small

and distributed along the coast, while the area of high chlorophyll

concentration expanded after Jongdari and moved to the north

after Yagi, and moved to the south after Rumbia (Figures 2G–L).

The large changes in chlorophyll after the typhoons were not

consistent in magnitude or spatial distribution, and the cause of

these differences required us to do further investigation. Satellite

images are mostly disrupted by clouds during typhoons, and

satellite data lacks information on the sub-surface layer.

Therefore, we used a numerical model for further investigation

in the following section.
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3 Results

3.1 Responses of chlorophyll to typhoons
in 2019 based on model simulations

3.1.1 Changes in chlorophyll
A wide range of high surface chlorophyll located south of the

Hangzhou Bay prior to the passage of Danas (Figure 3A). North of

the Changjiang estuary, surface chlorophyll was concentrated near

the coast and chlorophyll concentration was low at water depth

greater than 50 m (Figure 3A). The depth-integrated chlorophyll

was mainly concentrated in the shallow coastal region

(Supplementary Figure 5A). Danas passed through the

Changjiang estuary on July 19, at which time the surface

chlorophyll concentration decreased, before increasing again

(both in the shallow and offshore regions) on July 22. The high

values in offshore regions gradually disappeared, and the area of

high chlorophyll concentration expanded and moved northward.

The range of high values reached the maximum on August 2

(Figure 3D). The chlorophyll concentration remained at high

levels for 6 days until the approach of typhoon Lekima on August

8 and 9, and the nearshore high values disappeared (Figure 3E). On

August 13, chlorophyll began to rise extensively, covering nearly the

entire study area (Figure 3F). On August 16, chlorophyll in the deep

region began to decrease, and chlorophyll concentration peaked on

August 17 and 19, with the range of high values concentrated off the

estuary in the area between 20m and 50m isobath (Figure 3G).

The variations of surface chlorophyll during and post the 2

typhoons can be divided into two stages. The first stage is the

immediate decrease in chlorophyll in the pre-typhoon high-value

areas and the following increase in chlorophyll in the offshore areas

after the passage of a typhoon. The second stage is 4 or 5 days after

the passage of a typhoon, high chlorophyll in the offshore

disappears, while chlorophyll in the nearshore region gradually

increases. And the nearshore high chlorophyll mostly concentrates

off the estuary.

3.1.2 Chlorophyll evolution mechanism: wind,
nutrients, river plume

To assess the underlying causes, the depth-integrated nitrate for

the 0-20 m water layer, sea surface salinity, and nitrate

concentration along 31.5°N during the typhoon period were

compared (Figure 4). The 0-20m integrated nitrate content

(integral within the study region as marked by the black box in

Figure 1A, excluding regions constrained by 31 isohalines to remove

the impact from Changjiang) increased significantly, from

1.98×1010 mol (Figure 4A1) to 3.04×1010 mol (Figure 4A2), in the

offshore area after the passage of Danas. The offshore spread of

freshwater is strongly constrained (Figure 4B2) and the water

column was well mixed along 31.5°N at this time, with high

nitrate concentrations at the surface (Figure 4C2). The nutrients

limitation of phytoplankton growth in the offshore euphotic zone

was temporally relieved (Figure 4C2). Corresponding to the first

stage of the evolution of primary production, chlorophyll in the
frontiersin.org
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offshore area increased (Supplementary Figures 5B, C), because

phytoplankton growth is directly related to high nutrient input (He

et al., 2023). The offshore nutrients decreased, from 3.04×1010 mol

(Figures 4A2, 4C2) to 1.13×1010 mol (Figures 4A3, 4C3), during

uptake. Meanwhile, stratification (represented by surface salinity)

gradually recovered (Figure 4B3). Without a constant supply of

nutrients, chlorophyll in offshore areas decreased, and primary

production entered the second stage of evolution. At this time,

the Changjiang river is the controlling nutrients source, and the
Frontiers in Marine Science 06
spread of freshwater determines the distribution of chlorophyll

(Figures 4B3, Supplementary Figure 5D). Corresponding to the

second stage, the high chlorophyll generally concentrated off the

estuary (Figure 3D).

The variations after Typhoon Lekima were similar to those after

Danas, with the offshore nitrate content increased from 1.13×1010

mol (Figures 4A3, 4C3) to 3.39×1010 mol (Figures 4A4, 4C4). The

increase in chlorophyll occurred around 4~5 days after the increase

in nitrate content (Supplementary Figure 5F), which demonstrated
FIGURE 2

GOCI surface chlorophyll images. Panels (A–F) show surface chlorophyll before and after typhoons Kong-rey in 2013, Lekima in 2019, and Hagupit
in 2020. Panel (G–L) show GOCI chlorophyll during 5 typhoons in 2018. Surface chlorophyll (G) pre-typhoon; (H) after Ampil; (I) after Jongdari;
(J) after Yagi; (K) after Rumbia; (L) after Soulik. The gray isolines are the 20, 50, and 100 m isobaths, respectively.
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that the increase in offshore primary production in the first stage is

due to the recharging of nutrients in the euphotic zone by the

exchange of water masses. Unlike Danas, the location of post-

Lekima plume did not change much, as the pre-Lekima plume

mainly concentrated off the estuary and had not yet spread
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southward due to the influence of Danas (Figures 4B4, 4B5). Both

typhoons brought significant nitrate content and subsequent

chlorophyll increases for the offshore areas, and the location/

magnitude of the increases appeared to be track-/intensity-

dependent (Figures 3H, 4A2, 4A4).
FIGURE 4

Primary production evolution mechanism. Panels (A) 0-20m depth-integrated nitrate concentration, INO3 represents integrated NO3, and the red
line marks the location of 31.5°N transect, the red isoline is the 31 isohalines; (B) surface salinity, the red isoline is the 31 isohalines; (C) nitrate
concentration along 31.5°N.
FIGURE 3

Modeled surface chlorophyll during typhoon passage in 2019. The gray isolines are 20, 50, and 100 m isobaths, respectively. In Panels (A–G), the red
isoline is 3mg/m3 surface chlorophyll isoline. Panel (H) shows typhoon tracks, red is Typhoon Danas, green is Typhoon Lekima.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1376432
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Yang et al. 10.3389/fmars.2024.1376432
3.2 Response of primary production to
different typhoons

Following the above analysis, the severe typhoon Haikui in

2012, super typhoon Chan-hom in 2015, and super typhoon

Lekima in 2019 were selected for a comparative analysis of

intensity (Figure 5). Here we mainly compared the first stage of

the evolution, as primary production at this stage is mainly

affected by strong wind disturbances. The delivery in nutrients

via mixing and increase in chlorophyll were related to typhoon

intensity (Figures 5B1–B3), and about 1~4 days (specifically for

these typhoons) after mixing, the chlorophyll concentration

reaches the maximum. The primary production (integrated

chlorophyll content within the study region as marked by the

black box in Figure 1A) increased by 4.44×109 g, 15.21×109 g, and

8.12×109 g after Haikui, Chan-hom, and Lekima, respectively

(Supplementary Table 2). The severe typhoon Haikui in 2012,

severe tropical storm Kong-rey in 2013, and super typhoon Bavi in

2020 were selected for a comparative analysis of tracks (Figure 6).

The areas of chlorophyll increase after typhoon were closely

related to the typhoon tracks (Figure 6A), due to the different

effects of nutrients delivery along 28.5°N and 31.5°N (Figures 6B,

C), since the transect near the typhoon track was better mixed.

The primary production increased by 4.44×109 g, 2.85×109 g, and

5.92×109 g after Haikui, Kong-rey, and Bavi, respectively. The

primary production increased after the passage of 30 typhoons

impacting the study region between 2011-2020 (Supplementary

Table 2). The magnitude of the increase in primary production is

positively correlated with typhoon intensity with the correlation

coefficient r = 0.36 (Figure 7A).
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3.3 Changes in dissolved oxygen budget
terms after typhoon

Oxygen budget during different typhoons was calculated to

explore the response of dissolved oxygen to typhoons (Figure 8). It

is worth noting that the diffusion term was almost zero in all time-

series plots because the diffusion-induced oxygen variations in the

upper and lower layers compensate each other (Figure 8). Without

typhoon, the advection, and air-sea flux terms fluctuate around zero

(Figure 8D). The overall dissolved oxygen variation rate (oxyrate,

the left-hand side term in Equation 1) fluctuated around zero.

During the passage of a typhoon, the oxygen budget terms showed

large fluctuations, especially in the air-sea flux, the PP, and the

advection terms which leaded to significant changes in oxyrate

(Figures 8A–C).

A significant increase in the air-sea flux term was seen when the

typhoon reached the study area (the black square area in Figure 1B).

Both Haikui and Chan-hom showed large increase in this term

during the typhoon passed through the study area, while Typhoon

Kong-rey showed an increase 2 days after the typhoon passed

(Figure 8B, see Figures 5A1, A2, Figure 6A2 for the typhoon

tracks) due to the existence of several wind-speed peaks during

Kong-rey. Typhoon Chan-hom brought the most significant

increase in air-sea flux term, which reached 3×105 mol/s

(Figure 8C). The air-sea fluxes during Typhoons Haikui and

Kong-rey reached 2×105 mol/s (Figures 8A, B). The positive

increases in air-sea indicate net gains of oxygen from the

atmosphere, and positive oxyrate. After the passage of typhoons,

air-sea flux dropped rapidly in around 2 days (Figures 8A–C). The

magnitude of air-sea flux during typhoons is positively correlated
FIGURE 5

(A1-A3) show the depth-integrated chlorophyll differences between post- and pre-typhoons. The thick black line marks the 28.5°N transect, while
the black dots in (A1), (A3) mark where the typhoon made landfall. Panels (B1-B3) show nitrate concentration along 28.5°N after typhoons.
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FIGURE 7

The impacts of typhoons between 2011-2020 in relation with the typhoon intensity and distance from the typhoon track. The (A) chlorophyll
content differences, (B) air-sea flux variation, (D) others (oxygen consumption) term induced oxygen variation, and (F) advection-induced oxygen
variation in response to typhoon intensity. Panels (C, E, G) show the air-sea flux variation, others term induced oxygen variation, and advection-
induced oxygen variation in response to distance (between typhoon track and the black box as shown in Figure 1B), respectively. The DChl-a
content is the study region integration of the post- and pre-typhoon chlorophyll differences. The air-sea flux and advection terms are the three-days
average of the maximum value during the typhoon.
FIGURE 6

(A1-A3) show the depth-integrated chlorophyll differences between post- and pre-typhoons. The thick black lines mark the 28.5°N and 31.5°N
transects, while the black dot in a1 marks where the typhoon made landfall. (B1-B3) show nitrate concentration along 31.5°N, while panels (C1-C3)
show that along 28.5°N after typhoons.
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with typhoon intensity with the correlation coefficient r = 0.52

(Figure 7B, Supplementary Table 2). On the other hand, no clear

trend was found in the magnitude of air-sea flux following the

changes in distance between the region and typhoon track

(Figure 7C, Supplementary Table 2).

Increases in the PP term were seen after both Typhoon Haikui

and Chan-hom (Figures 8A, C). Notably, two increases in PP

occurred after Chan-hom. The increase in PP was more

persistent, lasting for more than 20 days, compared to the

increase in air-sea flux during the typhoon (Figure 8). While the

changes in PP term was small after Kong-rey, the weakest typhoon

(Figure 8B). Note that the PP term usually distributes in the upper

layer (Zhang et al., 2018), and the over-saturated dissolved oxygen

would be degassed to the atmosphere. Hence, the air-sea flux

decreased to negative values following the increase in PP term

(Figures 8A, C). On the other hand, the increased organic matter

associated with increased primary production (represented by

increased chlorophyll content) resulted in increased oxygen

consumption (Figures 7D, E). The ‘others’ term was negative

(Figure 8), and its magnitude increased by 1.4×104 mol/s and

3.2×104 mol/s after Haikui and Chan-hom, respectively. The

changes in the ‘others’ term was negatively correlated with the

typhoon intensity (r = -0.23) and the distance from the typhoon

track (r = -0.28) (Figures 7D, E).

The advection term also increased after the passage of all

typhoons, although they were not as significant as the air-sea flux

term (Supplementary Table 2, Figures 8A–C). The advection

terms were 9.15×104 mol/s, 7.72×104 mol/s, and 5.54×104 mol/s

fo r Ha iku i , Kong- rey , and Chan-hom, re spec t i ve l y

(Supplementary Table 2). The intensity of Kong-rey was weaker

than that of Chan-hom, but the advection term associated with
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Kong-rey was larger than that associated with Chan-hom. The

advection term has a higher correlation coefficient with distance,

r = 0.32, than with typhoon intensity, r = 0.25 (Figures 7F, G).

Therefore, results suggested that advection rather than mixing

dominating dissolved oxygen variation is related to typhoon

tracks. The advection effect is prominent for typhoons in

decent distance from the Changjiang estuary, meanwhile

mixing would have less impacts in the study region due to the

long distance.
3.4 The time rate of dissolved oxygen
content change, oxyrate

Strong wind enhances the vertical ventilation and lateral

exchange of the water column, thus alleviating the bottom

dissolved oxygen stress. On the other hand, the increase in

nutrients within the euphotic zone associated with strong wind

induced mixing fertilizes phytoplankton growth, and subsequently

enhances dissolved oxygen consumption in the subsurface layer and

beyond. However, it was difficult to tell which of these two effects

brought more impact. The analysis of oxyrate can directly show

whether typhoon would eventually lead to a net gain or net loss of

dissolved oxygen in the region (Figure 9). Figure 10P shows the

dissolved oxygen variation rate for summer 2017 (no typhoon), and

is used here as a control case. Without typhoons, the oxyrate and

changes in oxygen content tended to fluctuate around zero. Under

the influence of typhoons, oxyrate showed large variations

(Figure 9). The thick gray line indicates the moment when the

typhoon reached the Changjiang estuary. Most of the negative

values of oxyrate occurred 7 days after the passage of a typhoon
A B

DC

FIGURE 8

The variations in dissolved oxygen budget terms brought by typhoons of different intensities. (A) The oxygen budget during Haikui; (B) The oxygen
budget during Kong-rey; (C) The oxygen budget during Chan-hom; (D) The oxygen budget in summer 2017. OBT represents the oxygen budget
term calculated for the black box region in Figure 1B, which uniformly intercepted for the 25-day period covering the entire typhoon transit period
(gray shaded area). And this study defines the transit period as the period from typhoon arriving in the area (27°N ~32°N, 121°E ~ warning line for 24
hours) to the typhoon departing the area or landfalling.
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(Figure 9). The magnitude of negative values of oxyrate was much

smaller, with the positive oxyrate approaching 3×1010 mol d-1

(Figures 9B, D, E, L) and the negative value not lower than

-1×1010 mol d-1.

The oxygen content increased after the passage of all

typhoons, indicated by the positive values of the time

integration of oxyrate (Figure 9). The decrease in the dissolved

oxygen content occurred in most cases in the time period 7 to 14

days after the typhoon (Figure 9), because of the increased oxygen

consumption associated with increased organic matter

(phytoplankton growth). There were some exceptions, such as

typhoons Sanba, Goni, Malakas, Talim, and Danas, which showed

a decrease in dissolved oxygen content within 7 days of the

typhoon passage (Figure 9). Despite the overall increase in the

oxygen content after typhoon passage, no clear trend was found in

the magnitude of oxygen content increase following typhoon

intensity or the distance between the region and typhoon

track (Figure 10).
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4 Discussion

Typhoon-induced marine primary production (represented by

chlorophyll) responses were explored using satellite data and model

simulations. Typhoon triggered gradual surface chlorophyll

increase as intense storms bring the underlying nutrients to the

euphotic zone through entrainment mixing (Figures 3D, 4A3;

Robarts et al., 1998; Fogel et al., 1999; Zhao et al., 2015).

Increased terrestrial runoff from heavy rainfall and the intrusion

of high phosphate water brought by upwelling can also promote the

growth of upper phytoplankton (Walker et al., 2005; Paerl et al.,

2018; Li et al., 2022). Ye et al. (2013) found that chlorophyll

concentrations significantly increased both at the surface and in

the subsurface layer (above the thermocline) after typhoon. This is

confirmed by the depth-integrated chlorophyll content (Figure 3,

Supplementary Figure 5). The high integrated chlorophyll content

was seen in the region of low surface chlorophyll concentration,

especially on July 23 and August 15 (Supplementary Figures 5C, F).
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FIGURE 9

Time series of the dissolved oxygen change rate term (the red line) and time-integrated oxygen change rate term (the blue line) during typhoon passage.
(A–O) Show the dissolved oxygen change of typhoons between 2011-2020, while (P) shows the situation without typhoon influence in 2017.
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However, this change in primary production is different in

nearshore and offshore regions, as the recovery of Changjiang

river plume allows for continuous nutrient supplementation in

nearshore area after the mixing weaken (Figures 4B3, C3, Qiu

et al., 2019). Typhoon-induced phytoplankton blooms lead to an

increase in the amount of organic matter in the Changjiang estuary

region, which is bound to have important impact on dissolved

oxygen in the region (Chen et al., 2007).

The effects of typhoons on the dynamics of dissolved oxygen are

complex and multiple. Typhoons lead to strong vertical mixing

which disturb vertical stratification, aerating near-bottom water via

air-sea flux to alleviate bottom oxygen stress (Figures 7, 8; Feng

et al., 2012). The magnitude of air-sea flux is correlated with

typhoon intensity (Figure 7B). Meanwhile, the advection

associated with strong wind triggers lateral exchange of dissolved

oxygen and also alleviate local oxygen stress (Figure 7; Zhang et al.,

2022). Meng et al. (2022) also found oceanic advection induced by

Typhoon Bavi control the development and spatial migration of

hypoxia. The magnitude of advection induced oxygen increase is

positively correlated with both typhoon intensity and distance

between typhoon track and the region (Figures 7F, G). On the

other hand, the vertical mixing and lateral transport both deliver

nutrients to euphotic zone and temporally increase primary

production (Figures 5, 6; Li et al., 2022). The magnitude of

increased primary production is linearly correlated with typhoon

intensity (Figure 8A). The increased primary production leads to

increased dissolved oxygen consumption via organic matter

degradation (Figures 7, 8; Wang et al., 2017). In addition, strong

mixing and increased freshwater runoff caused by typhoons

suspended a large amount of organic matter and increased

terrestrial organic matter, which also led to increased oxygen

consumption (Lu et al., 2022; Lao et al., 2023a, b).

The dissolved oxygen content increased after the passage of all

typhoons between 2011-2020 (Figure 9). In terms of oxygen changes

in the two weeks after typhoons, the combination of physical and

biogeochemical effects associated with typhoons ultimately results in

net gains of dissolved oxygen for the impacted region, such that
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typhoons are oxygen sources. Super typhoon would occur in higher

frequency under the warming climate (Webster et al., 2005; Holland

and Webster, 2007; Mann et al., 2007), and the impacts of typhoons

on eastern China would increase in the future (Yin et al., 2011). The

warming climate would cause deoxygenation over the shelf via

declining oxygen solubility and accelerating oxygen consumption

rate (Zhang et al., 2022). Hence, typhoons potentially would serve to

counter the deoxygenation of seawater triggered by climate warming,

and would likely slow down the exacerbation of seasonal hypoxia

associated with intensified eutrophication and warming. This implies

that the ecosystem uncertainty in the Changjiang estuary region will

be greatly enhanced during summer.

One important caveat of the present study is that the wind

forcing field for the model was from ERA5 dataset provided by the

European Center for Medium-Range Weather Forecasts (ECMWF,

https://www.ecmwf.int/en/forecasts/datasets). Typhoon is basically

imposed through the winds associated with the ERA5 reanalysis

product. The differences of wind intensity between realistic wind

and the ERA5 reanalysis wind would impact the response

magnitude of nutrients delivery, primary production, air-sea flux,

the subsequent oxygen content. Further investigation is needed to

quantify the different responses of primary production and

dissolved oxygen content to reanalysis wind and realistic wind.

Preconditions like the nutrients and vertical stratification could also

influence the results, which makes it difficult to judge whether the

response is caused by the typhoon passage or by the differences in

ocean environment. Lévy et al. (2012) found that typhoons can

generate instantaneous CO2 fluxes, and the direction of CO2 flux

depends on the oceanic condition at the time of the typhoon

passage. How to exclude the influence of pre-typhoon ocean

conditions on the results will be a direction for future research. In

addition, several typhoons with different intensities and tracks are

selected for case analysis in this paper. However, typhoon

characteristics such as translation speed will also affect ocean

response (Lin, 2012; Shropshire et al., 2016), and the results

brought by different selected typhoons may be different, which

needs further study.
A B

FIGURE 10

The changes in oxygen content in the black box as shown in Figure 1B in response to the (A) typhoon intensity and (B) the distance from the
typhoon track. The D Oxygen content is time integration of oxyrate (Figure 9) between 14 days post-typhoon and at the time of the typhoon.
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5 Conclusions

The variations in primary production during the passage of

typhoons can be divided into two stages. The first stage is the

increase of primary production over the shelf immediately after the

typhoon passes. The location of offshore increases is highly linked

with typhoon tracks. This is because the typhoon disturbances

increased the delivery of nutrients to the euphotic layer and

temporally relief nutrients limitation for phytoplankton growth.

The second stage is the decrease of primary production in the

offshore area 4 or 5 days after the typhoon passage, while the

primary production in the nearshore area continues to increase.

This is due to the exhaustion of nutrients in the offshore area and

the recovery of Changjiang river plume in the nearshore area. The

primary production during the first stage increases, and the

magnitude of increase is positively correlated with typhoon intensity.

This study quantified the relative importance of aeration effect

and oxygen consumption effect triggered by typhoons. The analysis

and findings identify that typhoons ultimately cause net gains of

dissolved oxygen in a region and act as oxygen sources because the

aeration effect overcomes the oxygen consumption effect. Typhoons

cause large fluctuations in the oxygen budget terms. The responses

of air-sea flux, PP, advection term, and others term are highly linked

with the typhoon intensity and the distance between typhoon track

and the region. With the increasing trend of the frequency of super

typhoon under a warming climate, typhoon potentially serves to

counteract the ocean deoxygenation caused by warming and

anthropogenic activities and is likely to slow down the

exacerbation of seasonal hypoxia. The unpredictable variabilities

of wind and typhoon increase uncertainties during the evaluation of

coastal dissolved oxygen dynamics in the future.
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