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Abstract
Carbon dioxide partial pressure (pCO2) in surface water was continuously measured every 3 h from July 2012

to June 2013 using an autonomous pCO2 system (MAPCO2) deployed on a moored buoy on the East China Sea
shelf (31�N, 124.5�E). Sea surface pCO2 and pH had the largest variations in summer, ranging from 215 to
470 μatm, and 7.941 to 8.263 (averagely 8.084 ± 0.080), respectively. They varied little in winter, ranging from
328 to 395 μatm, and 8.003 to 8.074 (averagely 8.052 ± 0.010), respectively. The seasonal average sea surface
pCO2 was respectively 335 ± 70 μatm, 422 ± 43 μatm, 362 ± 11 μatm, and 311 ± 59 μatm in summer, autumn,
winter, and spring, and was overall undersaturated with respect to atmosphere on a yearly basis. Although the
average sea surface pCO2 in summer was below the atmospheric level, the net CO2 flux has suggested a CO2

source status due to the influence of typhoon. Our observation thus demonstrated the significant, even domi-
nant impact of episodic typhoon events on surface ocean CO2 chemistry and air–sea CO2 gas exchange, which
would be impossible to capture by shipboard observation. The high wind stress and curl associated with the
northward movement of typhoon induced complex sea surface water movement, vertical mixing, and subse-
quent biological drawdown, which differed in pre-, onset, and post-typhoon stages. Based on our estimates, the
degassing fluxes during typhoon reached as high as 82 mmol m−2 CO2 and 242 mmol m−2 CO2 in summer and
autumn, respectively, accounting for twice as large as the summer CO2 sink during non-typhoon period, and
28% of the total CO2 source in autumn.

Despite having a relatively modest surface area, the coastal
ocean plays a considerable role in the uptake of atmospheric
CO2 (0.2–0.5 Pg C yr−1, 1 Pg = 1015 g) (Bauer et al. 2013; Dai
et al. 2013; Laruelle et al. 2014). The large uncertainties associ-
ated with estimations of coastal air–sea CO2 fluxes, which
often possess highly dynamic ranges, are largely due to the
poor spatial, and especially the temporal, coverage of field
observations and measurements (Gruber 2015). As a conse-
quence, the current accuracy of coastal ocean carbon budgets
remains insufficient to be included in the earth system model
for reliably predicting future climate changes (Cai 2011;
Gruber 2015).

Long-term time-series observations (e.g., Bates et al. 2014;
Sutton et al. 2014a,b) are critically needed to decipher the
dynamics of the oceanic environment, and to detect changes
in the global ocean carbon cycle, due to both natural processes
and anthropogenic perturbations, in the broad context of
global warming and ocean acidification. Given the highly
temporal and spatial heterogeneity of coastal oceans (Chen
and Borges 2009; Dai et al. 2013; Gruber 2015), as a conse-
quence of large, variable riverine inputs of carbon and nutri-
ents, and dynamic exchange with the open ocean, it is also of
critical importance to carry out long-term high-frequency
observations to better understand the coastal ocean CO2 sys-
tem (Bates et al. 2014; Xue et al. 2016; Li et al. 2018).

Both physical and biological processes are known to affect
CO2 dynamics, including the partial pressure of CO2 (pCO2)
in coastal waters over various time scales spanning from diur-
nal to seasonal changes. These processes can be further
divided into those which lower sea surface pCO2, such as the
biological removal of carbon fueled by riverine or subsurface
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inputs of nutrients (Chen et al. 2012; Wang et al. 2017a,b; Li
et al. 2018), and those which increase pCO2, such as vertical
mixing driven by episodic strong winds (Bates et al. 1998;
Nemoto et al. 2009) or the seasonal collapse of surface stratifica-
tion (Zhai and Dai 2009) resulting in the supply of subsurface
high-CO2 waters into the surface mixed layer. In addition, tem-
perature also exerts a dominant control on sea surface pCO2

variability by affecting CO2 solubility (Weiss 1974).
The East China Sea is characterized by significant terrestrial

inputs from one of the world’s largest rivers, the Changjiang,
and dynamic exchanges with complex water masses
(Chen 2009), for example, from the Yellow Sea and the Kuroshio
Current (Chen and Wang 1999). Located in the temperate zone
of the western Pacific Ocean, the East China Sea is regularly
impacted by western Pacific tropical cyclones during warm sea-
sons (D’Asaro et al. 2011). The East China Sea and its estuarine
and nearshore regions have been a focus of coastal air–sea CO2

exchange studies in the past decades (e.g., Zhai and Dai 2009;
Guo et al. 2015; Chou et al. 2017). Subject to large spatial and
temporal variabilities, this coastal region has distinct seasonal
patterns, with a warm and productive summer and a cold and
less productive winter. In the East China Sea, areas located
between 28.5–33.0�N and 122.0–126.0�E exhibit the largest sea-
sonal variations in sea surface temperature, salinity, and pCO2,
as a consequence of biological CO2 uptake during warm seasons,
ventilation in autumn, and cooling in winter (Guo et al. 2015).

Most of the previous studies in the East China Sea are based
on shipboard observations (e.g., underway or discrete measure-
ments), with a focus on mapping the spatial dynamics of pCO2

(Zhai and Dai 2009; Tseng et al. 2011; Guo et al. 2015). How-
ever, these studies are limited in terms of temporal resolution,
leading to large uncertainties in estimations of air–sea CO2

fluxes and an incomplete understanding of their underlying
processes (Chou et al. 2009b; Nemoto et al. 2009). For instance,
Li et al. (2018) investigated the dependence of air–sea CO2

fluxes on sampling frequency (e.g., every 3 d, weekly, and
monthly) on the inner shelf of the East China Sea, showing
that the potential error in estimated fluxes increases sharply
with decreasing sampling frequency. Even weekly sampling is
capable of introducing flux biases of up to ± 63%
(Li et al. 2018). Time-series studies in other coastal waters
around the world have also demonstrated the importance of
high-frequency observations to accurately estimate air–sea CO2

fluxes (Dai et al. 2009). High-frequency pCO2 values recorded
in the Bay of Brest (Bozec et al. 2011) suggested that sampling
only during the day or night could introduce an 8–36% bias on
air–sea CO2 monthly estimates. Adding in additional complex-
ity, episodic events such as typhoons can promote vertical
mixing (e.g., Price 1981; Nemoto et al. 2009), thereby introduc-
ing CO2-rich subsurface water into the surface layer. Continu-
ous observations by Nemoto et al. (2009) have successfully
captured the dynamics of sea surface pCO2 during the passage
of three typhoons across the East China Sea. The efflux of CO2

induced by the severe weather increased by 150% over normal

warm season conditions (Nemoto et al. 2009). Similar to
Nemoto et al. (2009), most of the previous continuous observa-
tions (e.g., Bond et al. 2011; Wada et al. 2011; Sun et al. 2014)
only focused on the uplifting process during typhoon, without
paying enough attention to the typhoon-induced phytoplank-
ton blooms (Hung and Gong 2011; Lin 2012; Ye et al. 2013).
Moreover, although efforts have been put into understanding
the biogeochemical responses of phytoplankton flourish after
the passage of typhoon, few of them have concentrated on the
interaction between wind, sea surface pCO2, air–sea CO2 flux,
and chlorophyll a (Chl a), not to mention the evolution of
upper ocean response throughout the typhoon period
(i.e., pre-typhoon, during typhoon, and post-typhoon). As a
consequence, for regions vulnerable to typhoons such as the
East China Sea, the demand for buoy-based time-series observa-
tions has increased.

In this study, we report here the first year-round high-
frequency (3-h intervals) data set with a combination of physi-
cal, biological, and chemical parameters (such as sea surface
temperature, sea surface salinity, surface wind velocity, Chl a,
pCO2, and pH), from 28 July 2012 to 01 June 2013 based on a
buoy system deployed on the East China Sea shelf. We aim to
investigate the seasonal evolution of sea surface pCO2 and pH
along with other associated parameters. In particular, we
focused on the temporal variability of sea surface pCO2 and air–
sea CO2 gas exchange during episodic events (e.g., typhoon,
bloom), in order to fill the knowledge gaps from traditional
ship-based surveys. A novel conclusion of this study is that
three stages of typhoon are identified, during which the surface
wind field interacts with the observing system, resulting in dif-
ferent responses of surface CO2 chemistry.

Materials and methods
Study area

The East China Sea is one of the major marginal seas of the
Pacific Ocean, and one of the most productive shelf regions in
the world (Gong et al. 2003; Hung et al. 2003). It is character-
ized by significant riverine inputs from the Changjiang River,
which ranks 4th globally in terms of freshwater discharge (Dai
and Trenberth 2002), as well as exchange with the Kuroshio
along the eastern boundary of the outer shelf (Chen and
Wang 1999). The major surface water masses in the East
China Sea (Chen 2009) include (1) the Changjiang River
plume, also known as Changjiang Diluted Water, which flows
northeastward in summer and southwestward in winter (Lee
and Chao 2003; Bai et al. 2014), (2) East China Sea Coastal
Water, which flows southward during winter monsoons and
northward during summer monsoons, (3) the Taiwan Warm
Current, which flows northward all year round, (4) Yellow Sea
Coastal Water, which flows generally southeastward; and
(5) the Kuroshio Current, which generally flows along the
100–200 m isobaths in the East China Sea and leaves the con-
tinental slope at 30�N and 128–129�E (Fig. 1).
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Previous studies on the East China Sea carbon cycle have
suggested that the East China Sea acts as an annual net CO2

sink, yet with remarkable seasonal and spatial variability (Guo
et al. 2015, and references therein). Across the entire East
China Sea shelf, the core area of the plume-influenced region
in the outer Changjiang estuary (28.5–33.0�N, 122.0–126.0�E)
in summer has the lowest sea surface pCO2 and the largest
variability in air–sea CO2 fluxes (ranging from 1.6 to
10.2 mmol m−2 d−1; Guo et al. 2015). The highly productive
Changjiang River plume, especially in summer, can promote
photosynthesis in the outer estuary (Gong et al. 2003; Tseng
et al. 2011; Chen et al. 2012) where our buoy is located (31�N,
124.5�E, � 300 km east of Shanghai, with a water depth of
� 60 m; Fig. 1). The CO2 fluxes over the rest of the East China
Sea shelf are less variable (Guo et al. 2015).

Measurements and equipment
Time-series data were collected from 28 July 2012 to 01 June

2013 by sensors (monitoring systems) deployed on a buoy
constructed by Xiamen University. Sensors were mounted at
depth of 0.5 m, including a Battelle pCO2 monitoring system
with 3-h sampling intervals, a SeaFET Ocean pH sensor with

1-h sampling intervals, a SBE 37-SI conductivity and tempera-
ture sensor with 10-min sampling intervals, and a WET Labs
fluorescence sensor to measure turbidity (nephelometric tur-
bidity units [NTU]) and Chl a at 1-h intervals. Wind velocity
and barometric pressure were obtained by a weather station
(Model 05106 and 61302V, Young Company, U.S.A.)
equipped on the buoy at � 10 m above the sea surface. Sen-
sors were connected to the data acquisition system on the
buoy, and data were sent to the land-based laboratory in real-
time by satellite transmission.

The Battelle CO2 system
A Battelle CO2 monitoring system was deployed for mea-

suring air and surface seawater pCO2 values, which were deter-
mined by a Li-Cor 820 nondispersive infrared (NDIR) gas
analyzer contained in the Electronics Assembly. The Battelle
CO2 system is the same one as the widely used Moored Auton-
omous pCO2 (MAPCO2) system, as described in Sutton
et al. (2014b). The pCO2 monitor cycles a closed circuit of air
through the surface seawater via an “h” shaped tube assembly
to reach equilibrium of CO2 with the air, then the equilibrated
air is analyzed to determine the CO2 mole fraction (xCO2).

Fig. 1. Maps of the East China Sea. The red star shows the location of the buoy site at 31�N, 124.5�E. The main currents in the East China Sea in sum-
mer and winter are shown; the Kuroshio, Taiwan Warm Current (TWC), East China Sea Coastal Water (ECSCoW), Changjiang River plume (CRP), and Yel-
low Sea Coastal Water (YSCW). The solid arrows represent currents in summer, and the dashed arrows represent currents in winter, except for the
Kuroshio and TWC which flow northward all year round. Note that the colormaps in (a) and (b) are in different scales.
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After the seawater xCO2 measurement, air xCO2 is measured
by directly drawing an air sample from above the sea surface
(see Sutton et al. 2014b for more detail). Since the “h” shaped
pipe is the only part that contacts seawater and is made of a
copper nickel alloy, the CO2 monitor has a good performance
in resisting biological fouling. The CO2 measurements are
quality-controlled by a two-point auto-calibration prior to
every sample using a zero reference (ambient air that has pas-
sed through a soda lime canister to remove all CO2) and a
span reference (stored dry air with a precisely known xCO2).
The CO2 span reference we used in this study had a xCO2

value of 458.81 μmol mol−1, of World Meteorological Organi-
zation level. The uncertainty of the calculated pCO2 (Eq. 1)
by the MAPCO2 system is reported to be < 2 μatm
(Sutton et al. 2014b; with a precision of < 0.6 μmol mol−1 for
the measured xCO2 values).

Water pCO2 was calculated from the xCO2 value in dry air
equilibrated with surface water and the barometric pressure
(P) after correcting for the vapor pressure (PH2O) of water at
100% relative humidity (Weiss and Price 1980):

pCO2 = P−PH2Oð Þ× xCO2 ð1Þ

pCO2 in the air was calculated similarly based on measured
xCO2 values in the air and the barometric pressure, using a
formula similar to Eq. 1.

The pH sensor
The SeaFET Ocean pH sensor is an autonomous data logger

based on a Honeywell Durafet® pH sensor (Martz et al. 2010).
The primary element of SeaFET is an ion-sensitive field effect
transistor (ISFET), which produces robust, stable, and precise
measurements. Martz et al. (2010) evaluated the performance
of the ISFET sensor in a number of different situations (e.g., a
temperature-controlled calibration vessel, the Monterey Bay
Aquarium Research Institute [MBARI] test tank, shipboard
underway mapping and a surface mooring): it showed a short-
term precision of ± 0.0005 over periods of several hours and a
stability of better than ± 0.005 over periods of weeks to
months. A comparison of high-resolution time-series data of
upper ocean pH using the SeaFET pH sensors was provided by
Hofmann et al. (2011). The experiments were conducted
across a variety of ecosystems ranging from polar to tropical,
open-ocean to coastal, and kelp forest to coral reef. It was
suggested that the pH uncertainty is higher at dynamic sites
due to the intense gradients, where the observed sampling
errors ranged from ± 0.0007 to ± 0.015. However, in many
instances, the uncertainty was expected to be better than
± 0.01. In addition, biofouling was believed to compromise
the data quality during deployments over 2 months in high-
fouling environments, therefore, we protected the sensor with
a perforated copper anti-fouling guard. pH values in this study
are all on total scale at in situ temperature.

Data quality assessment by shipboard measurements
To assess the data quality of the MAPCO2 system, we com-

pared buoy and shipboard measurements of sea surface pCO2

and other parameters (Table 1) at the beginning and end of the
observation, respectively. The shipboard measurements in July
2012 collected discrete samples for total alkalinity (TA), dis-
solved inorganic carbon (DIC), and Chl a (Table 1). TA and DIC
samples were measured to calculate pCO2 and pH using the
Excel program “CO2SYS” (Pierrot et al. 2006). The dissociation
constants for carbonic acid were taken from Mehrbach (1973)
as refitted by Dickson and Millero (1987), the dissociation con-
stant for sulfate was taken from Dickson (1990), the total
boron-salinity relationship was from Lee et al. (2010), and pH
values are given on the total hydrogen scale at in situ tempera-
ture. TA was measured using an automated Gran acidimetric
titration using an Apollo Alkalinity Titrator (Model AS-ALK 1+),
with a precision of ± 0.1% (Cai et al. 2004). DIC was measured
using an Apollo DIC Analyzer (Model AS-C3) with a precision
of ± 0.1% (Cai et al. 2004). Reference materials from Andrew
G. Dickson’s laboratory at Scripps Institution of Oceanography
were used to calibrate the system to an accuracy of
± 2 μmol kg−1.

The shipboard measurements in July 2013 were made
using the underway pCO2 system with a shower-head
water–air equilibrator and a NDIR detector as described in
detail in Zhai et al. (2005). The NDIR detect (Li-Cor 7000)
were calibrated every 8 h using a wide range of CO2 gas
standards that covered the pCO2 variability during the
cruises. The overall uncertainty of the CO2 measurements
was < 1% as constrained by the standard gases. Sea surface
temperature and salinity were determined by a Yellow
Springs Instrument meter (YSI 6600), which was combined
with the continuous pCO2 system. Due to the severe
weather conditions, the comparison was made at nearshore
site outside Qushan Island (at 30.44�N, 122.28�E) when the
buoy was dragged back, where relatively higher pCO2 values
(� 800 μatm) were found (Table 1). Shipboard measurements
of pCO2 in July 2013 were performed over the same site
(30.44�N, 122.28�E) at 0.5-h intervals.

The overall offset of the buoy measurements from the
shipboard measurements was −0.013 ± 0.010 for pH, 0.045 ±
0.075 μg L−1 for Chl a, and < 2% for pCO2 (Table 1). It is
also noteworthy that the average offsets in pCO2 in 2012
and 2013 were 2.1% and 1.6%, respectively, showing a good
consistency with respect to time (i.e., no significant drift).
This indicates a reasonably good accuracy of the buoy mea-
surements. A good agreement of pCO2 between the
MAPCO2 system and shipboard measurements was also
found by Liu et al. (2019) in the adjacent area to our
study site.

Tropical depression data acquisition
The tropical depression (typhoon) data in this study corre-

sponds to track data from Unisys Weather (http://weather.
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unisys.com/hurricane/) based on the U.S. Joint Typhoon
Warning Center. The track data consist of the location, inten-
sity, and status of the typhoon center at 6-h intervals.

Computational methods
In order to distinguish thermal and nonthermal effects on

seawater pCO2, we used the relationships predicted by Taka-
hashi et al. (1993), assuming that the temperature dependence
of pCO2 for a parcel of seawater with a constant chemical
composition be expressed as ∂lnpCO2/∂T = 0.0423�C−1. To
remove the temperature effect, the observed pCO2 value was
normalized to an average temperature (NpCO2) as:

NpCO2 = pCO2ð Þobs × exp 0:0423× Tave−Tobsð Þ½ �, ð2Þ

where the subscripts “ave” and “obs” represent the average
and observed values, respectively. T denotes temperature.

The net air–sea CO2 flux is estimated using the air–sea
pCO2 difference and the gas transfer coefficient:

FCO2 = k× α× pCO2,sw−pCO2,airð Þ, ð3Þ

where k is the CO2 gas transfer velocity, α is the solubility of CO2

in seawater (Weiss 1974), and subscripts “sw” and “air” denote

pCO2 of seawater and atmosphere, respectively. A positive flux

indicates a net CO2 exchange from seawater to atmosphere, while a

negative flux indicates a net CO2 exchange from atmosphere to sea-

water. The gas transfer velocity was estimated using the wind

velocity relationship from Sweeney et al. (2007), expressed as:

k=0:27× u10ð Þ2 × Sc=660ð Þ−1=2 ð4Þ

where u10 is the wind velocity at 10 m above the sea surface; and

the Schmidt number (Sc) is temperature-dependent for CO2 in sea-

water, computed from in situ temperature (Wanninkhof 1992).

On the basis of Eq. 3, we adapted it to examine how the
variations in different terms, that is, gas transfer coefficient,
sea surface pCO2, and atmospheric pCO2, would affect the
CO2 flux estimation:

FCO2 =K × pCO2,sw−pCO2,airð Þ, ð5Þ

where K is the CO2 gas transfer coefficient, K = k × α.

The differential of the CO2 flux, with respect to time, can
be written as:

∂F
∂t

=
∂K
∂t

×ΔpCO2 +
∂pCO2,sw

∂t
×K−

∂pCO2,air

∂t
×K, ð6Þ

where the first term on the right-hand side of Eq. 6 represents
the variation in CO2 fluxes attributed to changes in the gas
transfer coefficient (wind velocity dominated), and the rest
two terms represent CO2 flux variations attributed to changes
in pCO2,sw and pCO2,air.T

ab
le

1
.
C
om

pa
ris
on

of
su
rf
ac
e
se
aw

at
er

pC
O

2
,
pH

,
an

d
C
hl

a
be

tw
ee
n
bu

oy
an

d
sh
ip
bo

ar
d
m
ea
su
re
m
en

ts
du

rin
g
th
e
de

pl
oy

m
en

t
(a
t
th
e
st
ud

y
si
te

31
� N

,
12

4.
5�
E
in

20
12

)
an

d
th
e
re
co

ve
ry

of
bu

oy
(a
t
30

.4
4�
N
,1

22
.2
8�
E
in

20
13

).
D
at
e
fo
rm

at
:y

ea
r/
m
on

th
/d
ay
.

D
at
e
an

d
ti
m
e

B
uo

y
o
b
se
rv
at
io
n
s

Sh
ip
b
o
ar
d
o
b
se
rv
at
io
n
s

pC
O

2

(μ
at
m
)

p
H

C
h
la

(μ
g
L−

1
)

SS
T

(�
C
)

SS
S

pC
O

2
*

(μ
at
m
)

p
H
*

C
h
la

(μ
g
L−

1
)

TA
(μ
m
o
lk

g
−
1
)

D
IC

(μ
m
o
lk

g
−
1
)

SS
T‡

(�
C
)

SS
S‡

20
12

/0
7/
27

23
:0
0

33
2

8.
08

7
0.
58

29
.4
8

30
.6
8

32
6

8.
11

1
n.
m
.

22
07

.3
18

68
.5

29
.4
8

30
.6
8

20
12

/0
7/
28

04
:0
0

44
4†

8.
14

2†
0.
28

29
.2
3

30
.5
6

27
1

8.
17

4
0.
22

22
03

.7
18

29
.1

29
.2
3

30
.5
6

20
12

/0
7/
28

05
:0
0

28
3

8.
14

4
0.
62

29
.1
6

30
.5
8

28
8

8.
15

0
n.
m
.

21
85

.4
18

28
.6

29
.1
6

30
.5
8

20
12

/0
7/
28

06
:0
0

27
7

8.
15

0
0.
33

29
.0
3

30
.6
1

28
3

8.
15

8
0.
31

21
93

.7
18

31
.7

29
.0
3

30
.6
1

20
12

/0
7/
28

07
:0
0

34
0

8.
15

0
0.
27

29
.0
3

30
.5
8

33
1

8.
10

6
0.
31

21
97

.4
18

68
.1

29
.0
3

30
.5
8

20
13

/0
7/
29

18
:3
0

79
8

n.
m
.

n.
m
.

27
.4
7

28
.8
5

80
4

n.
m
.

n.
m
.

n.
m
.

n.
m
.

27
.0
1

29
.0
7

20
13

/0
7/
29

19
:0
0

79
3

n.
m
.

n.
m
.

27
.2
8

28
.7
8

80
2

n.
m
.

n.
m
.

n.
m
.

n.
m
.

26
.9
0

29
.1
0

20
13

/0
7/
29

19
:3
0

79
5

n.
m
.

n.
m
.

27
.2
4

28
.7
7

80
3

n.
m
.

n.
m
.

n.
m
.

n.
m
.

26
.9
6

29
.0
5

20
13

/0
7/
29

20
:0
0

78
6

n.
m
.

n.
m
.

27
.1
9

28
.8
0

80
7

n.
m
.

n.
m
.

n.
m
.

n.
m
.

26
.9
9

29
.0
5

20
13

/0
7/
29

20
:3
0

79
0

n.
m
.

n.
m
.

27
.1
5

28
.8
1

81
1

n.
m
.

n.
m
.

n.
m
.

n.
m
.

26
.9
3

29
.0
6

n.
m
.,
no

t
m
ea
su
re
d;

SS
S,

se
a
su
rf
ac
e
sa
lin

ity
;S

ST
,s
ea

su
rf
ac
e
te
m
pe

ra
tu
re
.

* D
at
a
in

ye
ar

20
12

w
er
e
co

m
pu

te
d
w
ith

C
O
2S

YS
(P
ie
rr
ot

et
al
.2

00
6)

ba
se
d
on

TA
an

d
D
IC

m
ea
su
re
m
en

ts
;d

at
a
in

20
13

w
er
e
un

de
rw

ay
pC

O
2
m
ea
su
re
m
en

ts
.p

C
O

2
m
ea
su
re
m
en

ts
in

Ju
ly

20
13

w
er
e
pe

rf
or
m
ed

at
th
e
si
te

(3
0.
44

� N
,1

22
.2
8�
E)

at
0.
5-
h
in
te
rv
al
s.

† T
he

la
rg
e
di
sc
re
pa

nc
y
w
as

su
pp

os
ed

to
re
la
te

to
th
e
m
ov

em
en

t
of

th
e
bu

oy
w
hi
le

sa
m
pl
in
g.

‡ D
ue

to
sa
m
pl
in
g
re
st
ric

tio
ns
,w

e
us
ed

th
e
bu

oy
-m

ea
su
re
d
SS

T
an

d
SS

S
to

ca
lc
ul
at
e
th
e
ca
rb
on

at
e
sy
st
em

pa
ra
m
et
er
s
co

lle
ct
ed

in
20

12
.

Wu et al. Time-series of pCO2 and pH

592

http://weather.unisys.com/hurricane/


Results
Hydrological settings

The time-series observation (Fig. 2a,b) shows the strong sea-
sonal variations in sea surface temperature and salinity (here-
after referred to simply as temperature and salinity) at the
study site. Seasons are defined as each consisting of 3 months,
for instance, summer from June to August. During the obser-
vation, temperature decreased from 28.4 ± 1.3�C in summer to
22.6 ± 2.1�C in autumn, to the lowest 13.0 ± 2.5�C in winter,
and increased to 13.5 ± 3.5�C in spring. Salinity changes also
indicated the seasonal pattern. The study site is located in a
river-dominated system (Tseng et al. 2011), subjected to sea-
sonally variable freshwater discharge from the Changjiang
(Zhai et al. 2007), thus resulting in a large fluctuation in salin-
ity in summer. The study area is also subjected to significant
surface stratification in spring and summer and well-mixed
condition in seasons after (Zhai and Dai 2009). The average
summer salinity was 31.8 ± 1.4 and reached a low value of
28.5, comparable to the previous observation (salinity of
around 32.3 in summer in Chou et al. 2009a) identifying the
signal of Changjiang River plume. Salinity variations in
autumn and spring (Fig. 2b) also implied the influence of
freshwater runoff, with average values of 32.7 ± 0.6 and
32.3 ± 0.9, respectively. Salinity in winter was relatively con-
stant and higher, and the winter average value (32.7 ± 0.3)
ranked the highest among the seasons.

It is noteworthy that the observations in this study started
in late July 2012 and ended in early June 2013, so data in June
and July were missing during the “continuously” observed
annual cycle. This may potentially influence the understand-
ing of the seasonal cycle of the surface seawater pCO2 and sub-
sequent estimation of the annual air–sea CO2 flux (more
details in “Air–sea CO2 fluxes” section).

Biogeochemical parameters
During the observation period, sea surface pCO2 (pCO2,sw)

exhibited significantly large variations (Fig. 2c; Table 2). It
showed an overall increasing trend to above the atmospheric
level from summer to mid-autumn, despite being character-
ized by dramatic fluctuations, followed by a transitional
period from CO2 supersaturation to undersaturation in late
autumn. Afterward, it stayed fairly constant until late winter.
There was a sharp decrease in pCO2,sw in spring, where it
reached the lowest value throughout the observation period.
The highest pCO2,sw value of 513 μatm was observed in late
October 2012, while its lowest value of 167 μatm was observed
in late April 2013.

In contrast to sea surface pCO2, atmospheric pCO2

(pCO2,air) had its maxima in winter and minima in summer
(Fig. 2c), behaving much more stable than pCO2,sw, with an
annual average value of 380 μatm.

pH closely mirrored pCO2,sw (Fig. 2d), with the lowest
values of 7.976 ± 0.026 observed in October and the highest

values of 8.070 ± 0.043 in April (Table 2). Turbidity (Fig. 2f)
had several peaks during summer and autumn coinciding
with the peaks in wind velocity (Fig. 2e): however, the timing
the Chl a peaks (Fig. 2f) did not correspond exactly to those
in turbidity or wind velocity, often having a lag of a
few days.

Dynamics of sea surface pCO2 and pH over different
timescales

On the seasonal timescale, the average pCO2,sw in summer
was 335 ± 70 μatm, relatively lower than the average atmo-
spheric pCO2 (pCO2,air) value of 369 ± 4 μatm, with considerably
large variations. In autumn, the study site became a CO2 source.
pCO2,sw exceeded the atmospheric level, and reached its maxi-
mum at 422 ± 43 μatm. In winter, pCO2,sw decreased sharply to
362 ± 11 μatm, and the study site turned into a CO2 sink. In
spring, due to the sudden drop in values starting in May,
pCO2,sw was reduced to 311 ± 59 μatm, the lowest seasonal aver-
age value. In contrast to pCO2,sw, pH exhibited an opposite sea-
sonal trend: it was highest in spring (pH = 8.097 ± 0.076),
followed by summer (pH = 8.084 ± 0.080) and then winter
(pH = 8.052 ± 0.010), and reached its minimum in autumn
(pH = 7.998 ± 0.039). Surface water pH showed the largest sea-
sonal fluctuations in spring and summer, and remained fairly
constant in autumn and winter.

In addition to the large seasonal variability, pCO2,sw and
pH were also highly variable at the intraseasonal timescale,
especially during warm seasons (Table 2). Both pCO2,sw and
pH had the largest diurnal variations in August and September
of 2012 and May of 2013, when the seasonal fluctuations of
these parameters were also the largest.

Dynamics of sea surface pCO2 and associated parameters
during typhoon

During the observation, a total of five typhoons (Damrey,
Haikui, Bolaven, Tembin, Sanba) passed by the buoy site in
summer and autumn 2012 with a distance as close as 50 km
(i.e., Tembin, see Fig. 3). All typhoons, except Haikui which
was 350 km far away from the buoy (Fig. 3), exerted great
impacts on the study site as seen from sea level pressure (here-
after referred to simply as pressure unless otherwise specified,
measured by weather station at the buoy), wind velocity and
turbidity (Figs. 4–6). Damrey was formed on 28 July, and trav-
eled across the study site from its east on 02 August. Tembin
and Bolaven were formed on 19 August and 20 August, respec-
tively. However, Bolaven arrived at the buoy location approxi-
mately 2 d earlier than Tembin, and had a larger wind radius.
Bolaven passed 110 km northeast of the buoy site at a transla-
tion speed (describing how fast a typhoon was moving) of
8.3 m s−1, and Tembin passed 50 km east of the buoy site with
a translation speed of 11.7 m s−1. Sanba formed on
10 September, and passed by the buoy on 17 September from
its southeast with a translation speed of 9.0 m s−1. The sensors
on the buoy kept working (Figs. 4–6) without significant
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interruptions during the typhoon’s passages, which further
demonstrated the high performance of the buoy system under
severe weather conditions.

The occurrence of Damrey has caused a drop in pressure
by around 1 kPa and an increase in turbidity by 2.5 NTU
(Fig. 4a,d), whereas the pressure drop during Haikui was

Fig. 2. Time-series of surface properties (a: SST, b: SSS, c: pCO2, d: pH, e: wind velocity, and f: Chl a) observed at the buoy site from July 2012 to June
2013. SSS, sea surface salinity; SST, sea surface temperature.
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comparable to that during Damrey with no obvious change in
turbidity was found. This might suggest the limited impact of
Haikui on the study site and therefore it will not be discussed
further.. During the impact of Damrey, there was no clear evi-
dence of deep mixing as temperature and salinity seemed to
only have some random covariations (Fig. 4c). The increase in
turbidity was accompanied by a sharp increase in Chl a as
large as 16 μg L−1 within 6 h. Sea surface pCO2 was undersatu-
rated from 01 to 03 August, while it became slightly over-
saturated during the post-typhoon period (Fig. 4e).

Bolaven and Tembin came by the study site one after
another within 4 d. Pressure decreased by 4 kPa and 2 kPa dur-
ing their occurrences, with an increase in turbidity up to
9 NTU and 5 NTU, respectively. Both pressure and wind veloc-
ity reached their extreme values when these two typhoons
were closest to the buoy. During Bolaven (27–29 August), tem-
perature decreased along with increases in salinity, pCO2

(Fig. 5c,e), and temperature-normalized pCO2 (NpCO2, not
shown). The largest response in temperature was about
−3.0�C, occurring 6 h after the pressure minimum, during
which sea surface pCO2 and NpCO2 increased rapidly by
200 μatm and 242 μatm, respectively. The associated varia-
tions in temperature (decreased by 3.0�C), salinity (increased
by 2.0), pH (decreased by 0.22), and turbidity (increased by
9 NTU, indicating bottom sediment resuspension), along with
the increase in NpCO2, suggested strong vertical mixing
driven by the intense winds, which entrained the CO2-rich
deep water (Chou et al. 2009b) into the surface layer. During
Tembin (29–31 August), the responses of these parameters
were also conspicuous although the variations were much
weaker (Fig. 5). An increasing trend in temperature was also
observed: the largest amplitudes for variations in pCO2,sw, pH,
and temperature were 57 μatm, −0.06, and 2.1�C, respectively.

Table 2. Summary of the monthly average value and averaged monthly diurnal range of surface pCO2,sw, pCO2,air, sea surface temper-
ature (SST), salinity (SSS), pH, and Chl a at the study site.

Month

Monthly average value (average ± standard deviation) Average monthly diurnal range

pCO2,

sw

(μatm)

pCO2,

air

(μatm)
SST
(�C) SSS pH

Chl a
(μg L−1)

pCO2,

sw

(μatm)

pCO2,

air

(μatm)
SST
(�C) SSS pH

Chl a
(μg L−1)

2012/08 348±67 369±4 28.1±1.3 32.1±1.3 8.073±0.076 0.71±0.80 55 5.3 0.78 1.02 0.06 1.4

2012/09 404±50 375±3 24.7±0.6 32.0±0.6 8.016±0.049 2.11±1.74 51 4.8 0.68 0.54 0.07 2.4

2012/10 448±30 382±4 23.0±0.7 32.9±0.2 7.976±0.026 0.90±0.37 29 8.0 0.24 0.23 0.03 0.6

2012/11 415±32 391±4 20.1±1.1 33.2±0.2 8.003±0.028 0.58±0.10 20 7.2 0.18 0.28 0.02 0.3

2012/12 371±9 398±5 15.9±1.3 33.0±0.2 8.043±0.010 0.51±0.07 12 7.7 0.21 0.28 0.01 0.2

2013/01 360±8 404±7 11.8±0.7 32.5±0.1 8.052±0.007 0.45±0.12 12 8.5 0.35 0.19 0.01 0.3

2013/02 351±7 403±5 10.6±0.5 32.6±0.2 8.063±0.003 0.56±0.11 14 6.5 0.30 0.24 0.01 0.2

2013/03 351±7 403±7 10.6±0.5 32.7±0.4 8.059±0.010 n.m. 16 9.2 0.67 0.56 0.01 n.m.

2013/04 344±31 400±5 12.2±1.0 32.9±0.3 8.070±0.043 n.m. 26 7.7 0.80 0.32 0.04 n.m.

2013/05 233±29 394±6 17.8±2.2 31.4±0.9 8.163±0.099 n.m. 38 6.5 1.02 0.48 0.21 n.m.

n.m., not measured.

Fig. 3. Typhoon tracks along the East China Sea during summer and
autumn of 2012. Green: Damrey, 28 July 2012–02 August 2012; Yellow:
Haikui, 02–08 August 2012; Red: Bolaven, 20–28 August 2012; Blue: Tem-
bin, 19–30 August 2012; Pink: Sanba, 10–17 September 2012. Data were
from Unisys Weather (http://50.206.172.193/hurricane/w_pacific/2012H/
index.php) showing the track of typhoon at 6-h intervals as dots. The red
star denotes the buoy location, and arrows show the direction of
typhoon.
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An increase in Chl a appeared 2 d after the passage of Tembin,
lasting from 02 September to 07 September, corresponding to
the decrease in pCO2. Due to the fact that these two typhoons
passed the study site with an overlap, we did not completely
separate one from another and we combined them as one
event in the following sections.

Sanba went by the study site parallelly to the track of
Tembin but much further away. Despite that it had less
impact on pressure (a drop by 1 kPa), temperature
(no significant decrease was observed apart from the diurnal
signal), and salinity (increased by 1.5), the wind velocity and
turbidity stimulated by Sanba were comparable to those

Fig. 4. Influence of typhoons Damrey and Haikui on ΔpCO2 and other related parameters (a: SLP and wind velocity, b: wind vector, c: SST and SSS,
d: Chl a and Turbidity, e: ΔpCO2 and pH, and f: air-sea CO2 flux) measured at the buoy site. The green shading indicates the Damrey-influenced period,
and the yellow shading indicates the Haikui-influenced period. ΔpCO2, difference between pCO2,sw and pCO2,air; SLP, sea level pressure; SSS, sea surface
salinity; SST, sea surface temperature.
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during Bolaven and Tembin. Surface pCO2 increased by
120 μatm with the study site turning from neutral to a CO2

source, and lasting for around 10 d until gradual increase in
Chl a was observed.

Throughout the passages of these typhoons, the covaria-
tions in pCO2,sw and pH were strongly correlated, with the

Pearson correlation coefficient of −0.99. In addition, we
observed the changes in the wind vector field according to the
movement of each individual typhoon (Figs. 5b, 6b): prior to
the minimum pressure (indicating the closet approach of
typhoon), it was usually east wind prevailed, whereas after the
minimum pressure it was west wind prevailed.

Fig. 5. Influence of typhoons Bolaven and Tembin on ΔpCO2 and other related parameters (a: SLP and wind velocity, b: wind vector, c: SST and SSS,
d: Chl a and Turbidity, e: ΔpCO2 and pH, and f: air-sea CO2 flux) measured at the buoy site. The red shading indicates the Bolaven-influenced period,
and the blue shading indicates the Tembin-influenced period. ΔpCO2, difference between pCO2,sw and pCO2,air; SLP, sea level pressure; SSS, sea surface
salinity; SST, sea surface temperature.

Wu et al. Time-series of pCO2 and pH

597



Discussion
Seasonal evolution of sea surface pCO2 and its controlling
mechanisms

No conspicuous relationship between sea surface pCO2 and
temperature at a yearly timescale was found during the obser-
vation. However, for some certain periods in late autumn and

early winter, sea surface pCO2 followed the temperature-driven

(thermodynamically expected) trend (gray curves in Fig. 7a).
Data falling beyond the lower/upper limits (Fig. 7a) implied
the nonthermal removal/addition of CO2. The lower part in
Fig. 7a (below the gray curves) consists of data mostly from
the entire summer, and some from autumn and spring, respec-
tively. The temperature-normalized pCO2 (NpCO2, Fig. 7b)
values showed a positive relationship with salinity, with the
lower end representing fresher Changjiang River plume and

Fig. 6. Influence of typhoon Sanba on ΔpCO2 and other related parameters (a: SLP and wind velocity, b: wind vector, c: SST and SSS, d: Chl a and Tur-
bidity, e: ΔpCO2 and pH, and f: air-sea CO2 flux) measured at the buoy site. The pink shading indicates the Sanba-influenced period. ΔpCO2, difference
between pCO2,sw and pCO2,air; SLP, sea level pressure; SSS, sea surface salinity; SST, sea surface temperature.
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upper end representing saltier subsurface water. In contrast,
the upper part in Fig. 7a (above the gray curves) consists of
data from mid-winter to early spring. The sea surface NpCO2

exhibited a negative relationship with salinity, implying the
mixing of different source of waters as discussed below.

From August to October, pCO2,sw was positively correlated
with salinity (Pearson correlation coefficient of 0.73) and neg-
atively correlated with temperature (Pearson correlation coeffi-
cient of −0.73). The low pCO2,sw along with low salinity and
high temperature is attributed to the influence of the
Changjiang River plume. Since the Changjiang River plume
carries a large amount of organic carbon and nutrients, the
upper estuary is usually supersaturated in CO2 with respect to
the atmosphere, whereas the mid and lower estuary is usually
undersaturated in CO2 due to the enhanced photosynthesis
(Chen et al. 2012). On the contrary, the high pCO2,sw along
with high salinity and low temperature is associated with the
vertical mixing during typhoons, when CO2-rich subsurface
waters were entrained into the surface.

From October to the end of November (i.e., 02 October to
30 November), a continuous efflux of CO2 was observed
(Figs. 2c, 8a). During this period, salinity increased after the col-
lapse of summer stratification (as described by Zhai and
Dai 2009; see also Fig. 2b and Table 2 for the monthly variation
in salinity), pCO2,sw reached its maximum value of 513 μatm
on 24 October (sharp peak in Fig. 7a). Afterward, pCO2,sw grad-
ually decreased and re-equilibrated with the atmosphere.

From December on, pCO2,sw was fairly constant and was
lower than the atmospheric level (Fig. 2c). It decreased slightly
along with the decreasing temperature (Fig. 7a). The ratio
between the natural logarithm of pCO2,sw (lnpCO2) and tem-
perature (∂lnpCO2/∂T) was only 0.0096 �C-1, much lower than
the expected dependence (i.e., 0.0423�C−1, Takahashi
et al. 1993), suggesting that the existence of nonthermal
processes affecting pCO2,sw partly counteracted the tem-
perature effect. This is also supported by increasing NpCO2

with decreasing salinity (Fig. 7b). Biological activity
(e.g., respiration) seems implausible because it is limited by
low temperatures in winter on the East China Sea shelf
(Gong et al. 2003). Air–sea CO2 exchange only contributes
minorly (Li et al. 2018) because it requires a much longer
timescale (from months to a year, Jones et al. 2014). Lateral
mixing with Yellow Sea Water (lower salinity, lower temper-
ature, and higher pCO2 than East China Sea offshore water;
Zhai et al. 2014) is therefore the most likely explanation for
the increase in pCO2 and NpCO2. After the onset of spring
bloom in May 2013, corresponding with the significant
decrease in salinity (Fig. 7b) which was driven by the
freshen Changjiang River plume input, pCO2,sw began to
fluctuate again.

Air–sea CO2 fluxes
The study site overall acted as a net CO2 sink throughout

the observation (−1.48 ± 7.16 mmol m−2 d−1), however, with

significant temporal variability (Fig. 8). In summer, the study
site served as a source of CO2 to the atmosphere, with a sea-
sonal average flux of 1.69 ± 10.26 mmol m−2 d−1. This is con-
trary to the general consensus that the Changjiang plume is a
CO2 sink in summer due to the large nutrient inputs and subse-
quent biological CO2 uptake (Chou et al. 2009a; Zhai and
Dai 2009; Guo et al. 2015). There are three possible explana-
tions for this discrepancy. First, it could be due to the lack of
data in June and July, when the East China Sea shelf would
generally absorb CO2 from the atmosphere if not perturbed by
typhoons, when the CO2 influx could reach as high as
−6.5 ± 10.7 mmol m−2 d−1 (Guo et al. 2015). Second, the influ-
ence of typhoon Bolaven and Tembin in August (Damrey was
not taken into account due to the lack of wind velocity data)
should have played a predominant role in shifting the direction
of CO2 flux. The CO2 flux reached as high as 32 mmol m−2 d−1,
accompanied by a wind velocity of 25 m s−1. The average CO2

flux during typhoon period was 13.91 ± 10.92 mmol m−2 d−1;
whereas it was −0.79 ± 7.44 mmol m−2 d−1 in the absence of
typhoon influence (Fig. 8b). It is therefore presumable to state
that the study site could be a CO2 sink if no severe weather
events happened. Third, the study site was located at the edge
of the most productive area, which resulted in a weaker CO2

sink than the average of the Changjiang River plume (Guo
et al. 2015).

In autumn, the CO2 flux estimate was 4.59 ± 7.83
mmol m−2 d−1, to some extent higher than previous estimates
(Zhai and Dai 2009; Guo et al. 2015) even if the same gas
transfer velocity parameterization (Wanninkhof 1992) was
applied. Similar to summer, this difference was partly attrib-
uted to the passage of typhoon Sanba on 16–18 September,
when the average CO2 flux reached 31.01 ± 19.72
mmol m−2 d−1. In addition, the collapse of summer stratifica-
tion and the resulting CO2 degassing also contributed to the
enhanced CO2 flux, as previously reported by Zhai and
Dai (2009).

In winter and spring, the study site turned into a moder-
ate CO2 sink, with less temporal variability. The fluxes were
−5.06 ± 3.50 mmol m−2 d−1 and −4.15 ± 3.35 mmol m−2 d−1

for the two seasons, respectively. These estimates were in
reasonable agreement with previous studies (−5 to
−14 mmol m−2 d−1 in winter by Guo et al. 2015, and Zhai
and Dai 2009; −2 to −18 mmol m−2 d−1 in spring by Guo
et al. 2015, and Zhai and Dai 2009 in the adjacent area) than
those in summer and autumn which were characterized by
large variability.

Impact of typhoon on pCO2 and associated parameters
In general, we observed three evolutional stages during

typhoons for those approaching the study site from the south
(Fig. 9). At pre-typhoon stage (prior to colored shadings in
Figs. 4–6; stage I in Fig. 9a), east wind prevailed as the
typhoon getting toward the buoy since tropical depressions
spin cyclonically in the northern hemisphere (Figs. 5b, 6b).
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Such east wind drives offshore water masses toward nearshore,
which resulted in an increase in salinity from the very begin-
ning of typhoon (prior to the colored shadings in Figs. 4c, 5c,
6c), and it was usually not necessarily accompanied by an
increase in pCO2 (e.g., Fig. 6c,e). For the observed typhoons
(Figs. 4–6), the average salinity increase during this stage was

2.03. At the onset of typhoon (colored shadings in Figs. 5c, 6c;
stage II in Fig. 9b), strong winds always stimulated vertical
mixing and sediment resuspension and hence increased tur-
bidity, and surface pCO2 was therefore elevated (Figs. 5e, 6e).
For the observed typhoons, the pCO2,sw increase during this
stage reached as large as 187 μatm (Bolaven and Tembin) and
52 μatm (Sanba), respectively. At post-typhoon stage (follow-
ing the colored shadings in Figs. 4–6; stage III in Fig. 9c), west
wind prevailed after the passage of typhoon (Figs. 5b, 6b),
which was capable of blowing the nearshore water eastward
and offshore. In addition, the surface ocean condition would
normally favor phytoplankton blooms in several days with
the supply of nutrients from subsurface waters (Chen
et al. 2017; Wang et al. 2017a,b). The pCO2 would conse-
quently go down as observed (Figs. 5d, 6d). For the observed
typhoons, the pCO2,sw decrease during this stage reached as
large as 166 μatm (Bolaven and Tembin) and 169 μatm (Sanba),
respectively.

Figures 4–6 demonstrate, however, the different response
in Chl a to typhoons during the observation. Generally, Chl a
showed no evident changes during the first few days of
typhoon, except Damrey, because strong turbulence under
high winds do not favor phytoplankton blooms (Wang
et al. 2017a,b). In the case of Damrey (Fig. 4), turbidity only
increased by 3 NTU (no wind velocity data available) as the
typhoon approaching the study site, suggesting the minor
impact of Damrey on the observing system. Given that the
large fluctuation in Chl a corresponded to the changes in tem-
perature and salinity (Fig. 4c,d), we suggest that it was likely
related to the cross-shelf export of coastal waters with
extremely high Chl a. In the case of Bolaven and Tembin
(Fig. 5), a sudden increase in Chl a started from 01 September,
reaching up to 7 μg L−1. Chl a then gradually decayed and per-
sisted for around 1 week, coinciding with the decreases in
salinity and pCO2,sw. In contrast, in the case of Sanba (Fig. 6),
surprisingly, a slight increasing trend in salinity (by 0.5) was
found to accompany the gradual increase in Chl a which
started from 25 September, with the highest Chl a concentra-
tion reaching 10 μg L−1. Despite the different response in
Chl a, ΔpCO2 has overall the similar natures: the study site
was turned into a CO2 source during typhoon due to the
strong vertical mixing indicated by the elevation in turbidity
(stage II in Fig. 9) but recovered following phytoplankton
blooms (stage III in Fig. 9).

The above phenomenon reveals two different mechanisms
controlling the variation of pCO2 at stage III. For Bolaven and
Tembin, we suggest that the increase in Chl a and recovery of
pCO2,sw were caused by the movement of the Changjiang
River plume (low salinity, low pCO2,sw but productive)
induced by wind (i.e., west wind) because salinity was
observed to decrease. Chl a also evolved from thriving to deca-
yed. This could happen immediately after the passage of
typhoon, therefore the time lag in responses of Chl a and
salinity was only 2 d. For Sanba, we suggest that the increase

Fig. 7. Relationship between (a) sea surface pCO2 and sea surface tem-
perature (SST), and (b) sea surface temperature-normalized pCO2

(NpCO2) and sea surface salinity (SSS) at the buoy site. NpCO2 in panel
(b) was normalized to the average SST (18�C). The gray curves in panel
(a) represent the thermodynamically expected pCO2, with functions of
410 × e0.0423 × (SST−18) and 360 × e0.0423 × (SST−18) μatm, in which 410 and
360 μatm are the upper and lower ranges of the observed atmospheric
pCO2. The red dashed line is the average atmospheric pCO2 level
(390 μatm). Black arrows show the evolution of sea surface pCO2, the
slopes of which are indicative rather than quantitative.
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in Chl a and recovery of pCO2,sw were due to in situ growth of
phytoplankton because salinity increase was observed since
22 September (although salinity dropped slightly during
18–22 September with insignificant change in Chl a). Chl a
also evolved from negligible to thriving. Therefore, although
Chl a and CO2 drawdown were eventually found in these
typhoons, they were, however, experiencing different pro-
cesses. As most previous studies only focused on the biogeo-
chemical response of pCO2,sw to typhoon due to the latter
process (e.g., Hung and Gong 2011; Lin 2012), our study
shows the possibility of typhoon-induced movement of water
masses which has not previously been appreciated. This find-
ing also emphasizes the more complex and wider impact of
typhoon on CO2 chemistry in coastal seas with large spatial
variability than in the open ocean.

Impact of typhoons on air–sea CO2 fluxes
We examined the contributions of different factors that

influenced the temporal variability of air–sea CO2 flux during
typhoons based on Eq. 6. The first term on the right-hand side
of Eq. 6 is a function of wind velocity square (Eq. 4), therefore
wind velocity exerts the greatest impact on the gas transfer
coefficient term.

Figure 10 shows the contributions of different terms. We
do not consider the influence of Damrey and Haikui due to the
lack of wind velocity data, and we combine Bolaven and Tem-
bin given the short interval between them. For both events
(i.e., Bolaven & Tembin and Sanba), pCO2,air generally played a
negligible role throughout the observation. Prior to the pres-
sure minima (indicating the closet approach of typhoon), the
increase in CO2 efflux was due to the combination of increase
in wind velocity and supply of CO2-rich subsurface water;
after the pressure minima, the decrease in CO2 efflux was
dominated by the decreasing wind velocity, expect for some
certain periods during Sanba, when the diurnal signal of
increasing pCO2,sw (corresponding to semidiurnal tide-driven
variations) seemed to compete with wind velocity (Fig. 10b).
Specifically, the temporal variability in CO2 flux before pres-
sure minimum during Sanba was more complex than that dur-
ing Bolaven & Tembin. Unlike the monotonically increasing
trend in wind velocity, pCO2,sw exhibited more pronounced
diurnal cycle, as indicated by the abrupt peaks and declines
(Fig. 10b). As a result, the contributions from wind velocity
and pCO2,sw tended to offset when their variations were at
negative phase due to diurnal variations or decrease in pCO2,sw

with lower temperature; whereas tended to accumulate at
positive phase.

Fig. 8. Air–sea CO2 fluxes at the study site. (a) Time series of CO2 fluxes and gas transfer velocities (k); (b) Seasonal CO2 fluxes. The CO2 fluxes in panel
(b) are expressed as average ± standard deviation. Periods subjected to typhoon influence (i.e., 27–31 August in summer and 16–18 September in
autumn) are specified by “TYP,” otherwise specified by “Non-TYP.”
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The air–sea CO2 flux in both summer and autumn was
influenced significantly by the passage of typhoons. In
summer with no perturbation from typhoons, the study site was
a weak sink (with average air–sea CO2 flux of −0.79 ± 7.44
mmol m−2 d−1). However, the study site was converted to a
strong CO2 source of 13.91 ± 10.92 mmol m−2 d−1 by typhoon,
the strength of which was � 18-folds of the CO2 sink in the
periods without typhoon. Therefore, although the period of
typhoon perturbation was short (� 4 d), typhoons completely
dominated the seasonal CO2 sink/source status. In summer, the
study site accumulatively absorbed 42 mmol m−2 CO2 in the
absence of typhoon (we have only 1-month data in summer,
therefore this magnitude is small). However, Bolaven (27–-
29 August) and Tembin (29–31 August) contributed 52 mmol m−2

and 30 mmol m−2 CO2 release, respectively, ending up with the
accumulative flux of 41 mmol m−2 CO2 into the atmosphere
in summer. The amount of CO2 emitted from the sea surface
during typhoon was twice as much as the CO2 uptake at the
other time in summer. In autumn with no perturbation from
typhoons, the study site was a moderate CO2 source of
4.14 mmol m−2 d−1. The CO2 source was enhanced by � 8-
folds to be 31.01 ± 19.72 mmol m−2 d−1 during the passage of
typhoon Sanba. The study site accumulatively released
242 mmol m−2 of CO2 to the atmosphere, mostly attributed to
the collapse of summer stratification. Although typhoon Sanba
perturbation was only 2 d, it additionally contributed
93 mmol m−2 CO2 emission, accounting for 28% of the total
CO2 emission in autumn.

Despite the fact that blooms drawdown pCO2 by a large
amount (around 100 μatm) at post-typhoon stage (Figs. 5d,

6d), it was not strengthening the CO2 sink (due to low wind
velocity; Figs. 5f, 6f) but just accelerating the re-equilibration/
recovery of pCO2. Therefore, we emphasize that the typhoon-
induced CO2 emission and its potential in shifting the CO2

sink-source status has an irreversible impact on air–sea CO2

flux, especially for such river-dominated margin system. We
also argue that the previous understanding of sea surface CO2

chemistry and air–sea CO2 flux in summer and autumn based
on shipboard observations (e.g., Guo et al. 2015) might need
revision to take into account of the typhoon impact.

Concluding remarks
Time-series observation of sea surface pCO2 and pH data,

along with other related parameters, were obtained from July
2012 to June 2013 with an autonomous buoy monitoring sys-
tem deployed on the East China Sea shelf. On annual scale,
the study site was overall a CO2 sink with respect to the atmo-
sphere. On seasonal time scale, the study site was a CO2

source in summer and autumn due to the mixing of CO2-rich
subsurface water, while it converted to a CO2 sink in winter
and spring mainly due to low temperature in winter and
strong biological CO2 uptake in spring. The passages of
typhoon exerted significant influence on sea surface pCO2,
pH, and air–sea CO2 flux. In summer, typhoons converted the
study site from CO2 sink to source although the average sea
surface pCO2 was below the atmospheric level; in autumn, the
typhoon strengthened the CO2 source by a quarter. We have
suggested a novel concept of three different stages of the
northward movement of typhoon involving wind-induced

Fig. 9. Dynamics of wind and surface ocean during three stages of typhoon (a: pre-typhoon, b: onset of typhoon, and c: post-typhoon) at the buoy
site. Circled cross denotes the direction (into the page) of typhoon pathway. Green shapes represent phytoplankton and Chl a, grey circles represent bio-
logical-sequestered organic carbon (Corg). Stage I: east wind prevails and drives the westward movement of offshore surface water; Stage II: strong wind
promotes vertical mixing and hence CO2 outgassing; Stage III: west wind prevails and drives the eastward movement of Changjiang River plume (CRP),
meanwhile, the reinvigoration of primary production drawdowns CO2 from the atmosphere. Capitalized “S” represents salinity. This schematic is a simpli-
fied representation of the evolution of surface ocean illustrated more completely in main text.
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biogeochemical response of surface pCO2. The lateral surface
seawater movement was significant during pre- and post-
typhoon periods when east and west wind prevailed, respec-
tively, and vertical mixing was significant at the onset of
typhoon. The variation of wind field (direction) were of great
importance in elevating salinity prior to typhoon, as well as in
triggering the rapid growth of Chl a along with decreasing
pCO2 after the passage of typhoon. Given the great impact of
typhoon on air–sea CO2 exchange, we suggested the necessity
of considering typhoon impact the synthesized studies, espe-
cially for marginal seas, which are subjected to large spatial
variability.
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