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Abstract In situ oceanographic measurements were made before and after the passage of Typhoon
Wutip in September 2013 over the northern South China Sea. The surface geostrophic circulation over this
region inferred from satellite altimetry data features a large-size anticyclonic eddy, a small-size cyclonic
eddy, and smaller-size eddies during this period. Significant typhoon-induced changes occurred in the
partial pressure of CO2 at the sea surface (pCO2sea) during Wutip. Before the passage of Wutip, pCO2sea was
about 392.92 6 1.83, 390.31 6 0.50, and 393.04 6 4.31 latm over the cyclonic eddy water, the anticyclonic
eddy water, and areas outside two eddies, respectively. The entire study region showed a carbon source
(1.31 6 0.46 mmol CO2 m22 d21) before Wutip. In the cyclonic eddy water after Wutip, high sea surface
salinity (SSS), low sea surface temperature (SST), and high pCO2sea (413.05 6 7.56 latm) made this area to
be a carbon source (3.30 6 0.75 mmol CO2 m22 d21). In the anticyclonic eddy water after Wutip, both the
SSS and SST were lower, pCO2sea was also lower (383.03 6 3.72 latm), and this area became a carbon sink
(–0.11 6 0.55 mmol CO2 m22 d21), in comparison with the pretyphoon conditions. The typhoon-induced
air-sea CO2 flux reached about 0.03 mmol CO2 m22 d21. Noticeable spatial variations in pCO2sea were
affected mainly by the typhoon-induced mixing/upwelling and vertical stratifications. This study suggests
that the local air-sea CO2 flux in the study region was affected significantly by oceanographic conditions
during the typhoon.

1. Introduction

Many climate models predicted that the intensity of the strongest tropical cyclones over the southern
Pacific Ocean is likely to increase in the future warming climate, although the total number of tropical cyclo-
nes may decrease [Knutson et al., 2010]. Previous studies also suggested that cyclones and typhoons can
modify the partial pressure of CO2 at the sea surface (pCO2sea) [Bates et al., 1998; Perrie et al., 2004; Nemoto
et al., 2009; Huang and Imberger, 2010; Levy et al., 2012]. More studies remain to be done, however, about
the effects of extreme weather conditions (such as typhoons, hurricanes, tropical cyclones, and winter
storms) on the pCO2sea and air-sea CO2 flux under the presence of cyclonic (cold) or anticyclonic (warm)
eddies [Hood et al., 2001; Sun et al., 2014].

The South China Sea (SCS) is one of the largest semienclosed marginal seas in the world. This region is fre-
quently affected by tropical cyclones or typhoons. The total dissolved inorganic carbon (DIC), total alkalinity
(TA), and pCO2 in the SCS were found to increase with depth, which were, respectively, about 2200 lmol
kg21, 1890 lmol kg21, and 370 latm at the sea surface and about 2280 lmol kg21, 2080 lmol kg21, and
500 latm below 150 m [Tseng et al., 2007]. The annual values of pCO2sea in this region were found to be
between 360 and 425 latm, with seasonal changes found to vary between 8 and 40 latm in autumn [Zhai
et al., 2005, 2013]. At the SEATS station (188N, 1168E) close to our study region, the seasonal variation in
pCO2sea ranged between 340 and 395 latm [Tseng et al., 2007]. In autumn, the mixed layer depth (MLD) at
SEATS was found to be about 20 m, and pCO2 was nearly constant in the upper 40 m and increases with
depth below 40 m [Tseng et al., 2007].
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With a steady increase in the atmospheric CO2 concentration, the ocean plays a more important role than
ever in mitigating climate change [Le Qu�er�e et al., 2009]. The oceanic storage of the anthropogenic CO2 is
affected significantly by the air-sea flux of CO2 at the sea surface. The latter depends on the difference
between the partial pressure of CO2 at the oceanic surface water (pCO2sea) and atmosphere (pCO2air), as
well as the wind speed, sea surface temperature (SST), and sea surface salinity (SSS) [Wanninkhof, 1992;
Wanninkhof et al., 2009]. In comparison with the relatively stable distribution of pCO2air, the spatial distri-
bution of pCO2sea is highly variable and plays a very important role in determining the temporal and spa-
tial variability in the air-sea flux of CO2 at the sea surface due to its sensitivity to episodic events.
Distributions of pCO2sea depend strongly on four important state variables including the SST, DIC, TA, and
SSS [Takahashi et al., 1993]. The pCO2sea values are also affected by other physical, chemical, and biologi-
cal processes in the ocean. Takahashi et al. [2002] estimated that the average biological drawdown of
pCO2sea in surface waters was about 35 latm in the subtropical waters between 308N and 308S, and
exceeded 140 latm in high-latitude oceans to the north of about 408N. The processes such as vertical
mixing, tides, currents, solar radiation, rainfall, and many biological activities were also found to have a
great impact on the pCO2sea by influencing the above mentioned four state variables. Extreme storms
such as typhoons (or hurricanes) were found to have a great impact on the marine ecosystem. The storm-
induced processes reported in the literature include the intense SST cooling behind the storm [Price,
1981; Sheng et al., 2006; Ko et al., 2014; Huang and Oey, 2015], phytoplankton bloom both at the surface
[Zhao et al., 2009] and subsurface [Ye et al., 2013], high export of particulate organic carbon out of the
euphotic zone [Hung et al., 2010; Shih et al., 2013], and storm-induced increase in fish abundance
[Yu et al., 2014]. Typhoon-induced upper ocean mixture and entrainment of deep water and the storm-
induced air-sea heat exchange can lead to the SST cooling [Price, 1981; Lin et al., 2009; Ye et al., 2013],
which decreases pCO2sea by about 4.23% per 8C [Takahashi et al., 1993]. On the other hand, the
entrainment of higher DIC waters from the thermocline into the surface mixed layer increases the oceanic
pCO2sea [Wanninkhof et al., 2007; Koch et al., 2009; Sun et al., 2014]. Biological metabolic processes, such
as photosynthesis, respiration, and calcium carbonate precipitation or dissolution, can also alter the
mass balance of the carbonate system and thus affect the pCO2sea [Dai et al., 2009; Krause-Jensen and
Sand-Jensen, 1998]. A typhoon typically accompanies large precipitations. It was found that heavy rain
can induce significant chemical dilution and reduce the pCO2sea by more than 30 latm in the low-wind
and high-precipitation regions [Turk et al., 2010; Sun et al., 2014]. Furthermore, the presence of cyclonic
eddies was found to either decrease or increase pCO2sea [Chen et al., 2007], while anticyclonic eddies
were found to increase pCO2sea.

Based on field observations and model results, several studies demonstrated that typhoons can cause enor-
mous air-sea CO2 flux (FCO2 ) from the ocean to the atmosphere (efflux) or verse visa (influx), which in turn
affect the annual FCO2 either locally [Bates et al., 1998; Perrie et al., 2004; Nemoto et al., 2009; Sun et al., 2014]
or globally [Huang and Imberger, 2010]. Levy et al. [2012] found, in contrast, a very weak contribution from
typhoons to global FCO2 based on model results of 1663 historical typhoons. It is expected that the actual
impact of a typhoon on FCO2 depends on the oceanographic condition during the typhoon passage.
Through the increased transfer velocity and indirectly by chemical dilution due to a large precipitation,
heavy rain accompanied by a typhoon can decrease the air-sea pCO2 in the ocean sink regions or turn a
weak source to a sink in the ocean source regions [Turk et al., 2010; Sun et al., 2014]. Furthermore, thermal
fronts act as a source or sink depends on the strength of the mixing process associating with biological
response and phase of the front [Sarma et al., 2015].

Impact of episodic events on the pCO2sea and FCO2 was reasonably studied in the past. Only a few studies,
however, were made on the combined effects of a cyclonic or anticyclonic eddy and rainfall under the
impact of a typhoon on the pCO2sea and FCO2 . The passage of a tropical depression was found to change
the SCS from influx into efflux under the combined effect of rainfall and a preexisted cold eddy [Sun et al.,
2014]. The present study aims to investigate the important effects of a typhoon, rainfall, preexisted cold,
and warm eddies on the pCO2sea and local FCO2 over the northern South China Sea (NSCS).

The paper is organized as follows. The data and methods used in this study are described in section 2. Anal-
yses of in situ observations and satellite remote sensing data over the NSCS during Typhoon Wutip are pre-
sented in section 3. Discussion on spatial variability of pCO2sea over the NSCS during Typhoon Wutip is
given in section 4. A summary and conclusions are given in section 5.
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2. Data and Methods

2.1. Satellite Products, Typhoon Data, and In Situ Data
2.1.1. Typhoon Data
Wutip was a Category 2 typhoon based on the Saffir-Simpson hurricane scale. Wutip originated from a trop-
ical depression in the central South China Sea at 1800 UTC (Coordinated Universal Time) on 26 September
2013 (weather.unisys.com/). The storm moved northward and then westward on 27 September. Wutip
strengthened to a typhoon at 0600 UTC on 28 September, with an average maximum sustained
wind (MSW) of �117 km h21. The storm lingered over an area centered at (114.28E, 16.58N) for about 24 h
(Figure 1). During its lingering period, Wutip became a Category 2 typhoon with the MSW of �126 km h21

and a slow translation speed of �0.54 m s21 (or �1.9 km h21). From 0000 UTC to 1200 UTC on 29 Septem-
ber, Typhoon Wutip reached its MSW of 163 km h21, with a fast translation speed of 3.9 m s21. Wutip made
a landfall at 0600 UTC on 30 September.

The storm track data for Typhoon Wutip to be used in this study were taken from the Joint Typhoon Warn-
ing Center (weather.unisys.com/hurricane/). The storm track data set consists of 6 hourly time series of loca-
tions of the typhoon center and the maximum sustained wind speeds at 10 m above the mean sea level.
The translation speeds of Wutip were estimated from time-varying positions of its center.
2.1.2. Satellite Products
Six different satellite data sets are used in this study to examine atmospheric and oceanographic conditions
at the sea surface of the NSCS before, during, and after the passage of Typhoon Wutip. The daily multiscale
ultrahigh resolution (MUR) SST analysis data with a horizontal resolution of 0.018 3 0.018 were obtained
from the website of the NASA Jet Propulsion Laboratory at data.nodc.noaa.gov/ghrsst/L4/GLOB/JPL/MUR/.
The daily remote sensing fields of sea surface winds (at 10 m above the mean sea level) with a 0.258 3 0.258

resolution were obtained from the Advanced Scatterometer (ASCAT) website at ftp.ifremer.fr/ifremer/cer-
sat/products/gridded/MWF/L3/ASCAT/. The 3 h rainfall fields with the same horizontal resolution of 0.258 3

0.258 were obtained from the website for the Tropical Rainfall Measuring Mission (TRMM) at disc2.nascom.-
nasa.gov/data/TRMM/. Daily fields of absolute geostrophic velocities at the sea surface derived from the

merged altimeter products and
merged sea level anomaly (SLA)
were obtained from the website
for the Archiving, Validation and
Interpretation of Satellite Ocean-
ographic data (AVSIO) at www.
aviso.oceanobs.com.

The sea surface phytoplankton
chlorophyll a concentration (Chla)
product with a spatial resolution
of 1 km derived from the daily
Visible Infrared Imaging Radiome-
ter Suite (VIIRS) was obtained
from the website of the NASA
OceanColor at oceancolor.gsfc.na-
sa.gov/cms/data/viirs. The daily
surface heat flux fields with a 0.58

3 0.58 resolution were extracted
from the National Centers for
Environmental Prediction climate
forecast system version 2 (rda.u-
car.edu/datasets/).
2.1.3. In Situ Observations
A field program organized by
the South China Sea Institute
of Oceanography, Chinese Acad-
emy of Science was conducted

Figure 1. (a) The study region of the north South China Sea between 1108E and 1188E and
between 158N and 208N; the storm track (black thick line) of Typhoon Wutip in September
2013; tracks of scientific cruises (red and blue dashed lines); stations of in situ oceano-
graphic measurements (squares and circles with numbers); and positions of three Argo
floats (triangles). Red squares and blue circles represent cruise stations conducted on
25–27 September (before the passage of Typhoon Wutip) and on 1–2 October (after the
passage of Typhoon Wutip). The 6 h positions of typhoon centers are marked by colored
dots along the storm track, of which sizes and colors represent the typhoon intensity. Red
and blue dashed lines represent cruise tracks before and after the passage of Typhoon
Wutip. Solid red triangles and open blue triangles represent Argo float stations before and
after the typhoon’s passage. Blue and brown dashed lines represent 200 and 1000 m water
depths, respectively. Abbreviations are used for tropical depression (TD), tropical storm
(TS), category-one typhoon (Cat-1), and category-two typhoon (Cat-2). (b) Google map
showing the study region, storm track of Typhoon Wutip, and cruise tracks within the
South China Sea.
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on 25–27 September and 1–2 October 2013 (Figure 1). During this field program, the SST and SSS were mea-
sured and recorded every 5 s with a SEACAT CTD (SBE21, Sea-Bird Co.) along the cruise tracks marked in
Figure 1. Except for segments of the first cruise track moving southward from a position near Station 10 to
Station 1 then from Station 1 to Station 3, most of the cruise tracks were parallel to a zonal transect at 188N,
which is about 110 km to the north of the storm track of Typhoon Wutip. Along these cruise tracks, pCO2sea

and pCO2air were measured alternatively by the automated flowing pCO2 measuring system (GO8050, General
Oceans, Inc., USA) [Sun et al., 2014]. To eliminate the influence of coastal waters on pCO2sea, all the pCO2sea

data collected at depths less than 200 m were excluded in this study (Figure 1). The observed pCO2 data were
quality-controlled according to the World Ocean Circulation Experiment guidelines [Pierrot et al., 2009]. First,
all in situ measurements made with the ship speeds of less than 5 m s21 were eliminated. Second, within one
measurement period, each pCO2sea or pCO2air greater than one standard deviation was not considered and
replaced by the mean value during the measurement period. One measurement period in this study is
referred to as a duration during which the pCO2air was measured 10 times and then the pCO2sea was mea-
sured 20 times.

Vertical profiles of temperature and salinity at 16 stations along the cruise tracks were measured by a CTD
(Conductivity-Temperature-Depth) probe (Figure 1) during the field program. At all CTD stations except for
Stations 4 and 16, Chla was determined by fluorescence based on the methodology suggested by Ye et al.
[2013]. The hydrographic profiles of three Argo floats to be used in this study were extracted from the Inter-
national Argo Program (www.argodatamgt.org/).

2.2. Methodology of Data Analysis
2.2.1. Mixed-Layer Depth and Ekman Pumping Velocity
The surface mixed-layer depth (MLD) to be used in this study is defined as the depth at which the
temperature is 0.58C lower than the mean value in the upper 10 m of the water column [Monterey and
Levitus, 1997]. The Ekman pumping velocity (EPV) is calculated from the surface wind stress vector (~s)
based on,

EPV52Curlz
~s
qof

� �
; (1)

with

~s5qaCdj~U10j~U10; (2)

where qo is the seawater density set to 1025.0 kg m23, qa is the air density set to 1.25 kg m23, f is the Corio-
lis parameter, Cd5 2:22910:02983U1020:00468U2

10

� �
is the drag coefficient [Jarosz et al., 2007], and ~U10 is

the wind velocity vector at 10 m above the mean sea level.
2.2.2. Air-Sea CO2 Flux
The CO2 flux across the air-sea interface (noted as FCO2 ) is often estimated from the bulk formula given as:

FCO2 5k3KH 3 pCO2sea2pCO2airð Þ; (3)

where k is the gas transfer velocity of CO2, KH is the solubility of CO2 in seawater [Weiss, 1974], and pCO2sea

and pCO2air are the partial pressure of CO2 in water and air, respectively. A positive value of FCO2 represents
the net CO2 flux from sea to atmosphere (efflux) and a negative value represents the net CO2 exchange
from atmosphere to sea (influx). Since the gas transfer velocity (k) was not measured over the study region,
we follow Wanninkhof [1992] and calculate it based on,

k50:31 j~U10j
� �2

Sc=660ð Þ20:5; (4)

where Sc is the Schmidt number for CO2 in the seawater, 660 is the value of Sc at S 5 35 (psu) and T 5 208C,
and 0.31 is a proportionality factor. Wanninkhof [1992] suggested that equation (4) is applicable for estimat-
ing gas transfer velocities at steady winds, from spot measurements using shipboard anemometers, and
from wind speeds derived from scatterometers or radiometers. In equation (4) the gas transfer velocity (k)
takes the units of cm h21, and the wind speed j~U10j takes units of m s21. The equation suggested by
Wanninkhof [1992] can be used to compute Sc ,
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Sc5 2073:12125:62 3SST13:6276 3SST 220:043219 3 SST 3: (5)

The solubility of CO2 (mol L21 atm21) in the seawater can be expressed as [Weiss, 1974],

lnKH5 258:0931190:5069 3
100
h

� �
122:294 3ln

h
100

� �

1S 3 0:02776620:025888 3
h

100

� �
10:0050578 3

h
100

� �2
" #

;

(6)

where h is the absolute water temperature and S is the salinity in psu.

3. Results

3.1. In Situ Observations of SST, SSS, and pCO2

Figure 2 presents distributions of SST, SSS, pCO2sea, and FCO2 before and after Typhoon Wutip along a zonal
transect between 1108E and 1168E at �188N. This zonal transect was roughly parallel to the storm track of
Typhoon Wutip and located at about 110 km to the right of the storm track (when facing in the direction
taken by the storm). On 25–27 September (before the typhoon), the observed SST at the zonal transect (red
symbols in Figure 2a) was nearly uniform zonally, with the averaged SST of about 29.06 6 0.258C (the sec-
ond number is one standard deviation). During this pretyphoon period, there were relatively low SSTs of
less than 28.98C between 111.48E and 112.48E, and relatively high SSTs of greater than 29.48C between
113.28E and 113.258E (Figure 2a). On 1–2 October (after the typhoon), by comparison, the observed SSTs at
the zonal transect (blue symbols in Figure 2a) had significant spatial variations, with the averaged SST of
about 27.87 6 1.078C. During this posttyphoon period, low surface waters of less than 288C occurred
between 110.88E and 113.28E, with the lowest SST of about 268C centered at 112.08E along the zonal tran-
sect. As will be discussed later, these low SST waters were generated mostly by Typhoon Wutip. During this
posttyphoon period, high SST waters of greater than 28.68C were observed between 113.28E and 116.08E
along the transect.

Figure 2. Longitudinal distributions of in situ measurements of (a) sea surface temperature, (b) sea surface salinity, (c) pCO2sea, and (d) air-
sea CO2 flux along the cruise tracks near 188N. The red and blue symbols represent in situ measurements on 25–27 September and 1–2
October, respectively. Areas marked by royal blue and orange colors represent the small-size cyclonic eddy water mass (CEIN) and large-
size anticyclonic eddy water mass (AEIN) during the study period, respectively. Black arrows mark times of in situ measurements
conducted.
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The pretyphoon SSS was also observed to have noticeable spatial variability along the zonal transect with
low SSS of less than 33 (psu) between 111.78E and 112.48E and between 113.108E and 113.258E (red symbols
in Figure 2b). The averaged pretyphoon SSS at the transect was about 33.07 6 0.11. After the typhoon, the
observed SSS had significant zonal variability (blue symbols in Figure 2b), with high SSS greater than 33.4
over 111.538E–113.188E and low SSS of less than 33 centered at about 115.258E. The averaged SSS after the
typhoon was about 33.35 6 0.15. It should be noted that the observed SSS between 111.78E and 112.48E at
the zonal transect was significantly increased by Typhoon Wutip (Figure 2b).

The averaged pCO2sea was about 392.93 6 3.74 latm with some noticeable spatial variations on 25–27
September before the typhoon (red symbols in Figure 2c). By comparison, very large spatial variations in
pCO2sea occurred after the typhoon, with the averaged value of about 394.53 6 12.54 latm on 1–2 October
after the typhoon (blue symbols in Figure 2c). Due to the impact of the typhoon, the maximum value of
pCO2sea had an increase of about 30 latm from about 391.42 latm at about (111.938E, 17.988N) before the
typhoon to about 422.20 latm at about (111.938E, 17.958N) after the typhoon (Figure 2c). The posttyphoon
sea surface water with the lowest pCO2sea value of about 375.70 latm occurred at about (115.258E, 17.988N)
along the zonal transect.

The offshore surface waters along the zonal transect were oversaturated with the averaged FCO2 value of
about 1.31 6 0.46 mmol CO2 m22 d21 on 25–27 September before the typhoon (red symbols in Figure 2d).
On 1 and 2 October after the typhoon, the averaged FCO2 value was about 1.28 6 1.46 mmol CO2 m22 d21

(blue symbols in Figure 2d). Due to the effect of the typhoon, the maximum value of FCO2 raised to about
4.12 mmol CO2 m22 d21 at about (111.938E, 17.958N) from �1.0 mmol CO2 m22 d21 before the typhoon.
After the typhoon, the minimum value of FCO2 dropped to about 21.22 mmol CO2 m22 d21 at about
(115.208E, 17.988N) (Table 1).

The SST-pCO2sea and SSS-pCO2sea diagrams are used to examine the dependence of pCO2sea and FCO2 on
the SST and SSS. Before the typhoon on 25–27 September, pCO2sea was not strongly correlated with SST
and SSS (Figures 3a and 3b). After the typhoon on 1–2 October, by contrast, pCO2sea was strongly correlated
with SST and SSS, respectively (R2 5 0.79, p< 0.001 and R2 5 0.73, p< 0.001) (Figures 3c and 3d). The results
shown in Figure 3 indicate that physical processes played a much more important role in affecting pCO2sea

after the typhoon than before the typhoon. More discussion about this point will be given later.

3.2. Wind and EPV Affected by Typhoon Wutip
As mentioned earlier, Wutip originated from a tropical depression in the central South China Sea on 26 Sep-
tember 2013. This storm moved into the study region on 27 September and left the study region near the
end of 29 September (Figure 1). During this 3 day period, Wutip reached a typhoon status at 0600 UTC on
28 September and became a Category 2 typhoon with the mean MSW of about 160 km h21 (or about
44 m s21) on 29 September. Figure 4a (row A) presents the 3 day time-mean wind speeds and directions
averaged from the daily ASCAT image data before the typhoon on 24–26 September. The pretyphoon

Table 1. Area-Averaged Pretyphoon and Posttyphoon Values of the Sea Surface Temperature (SST), Sea Surface Salinity (SSS), Mixed-
Layer Depth (MLD), Partial Pressure of CO2 at the Sea Surface (pCO2sea), and Air-Sea CO2 Flux (FCO2) Over Three Different Water Masses
Along Cruise Tracks at �188Na

Water
Masses

Location
(8E)

Sample
Size SST (8C)

MLD
(m)

SSS
(psu)

pCO2sea

(latm)
FCO2 (mmol

CO2 m22 d21)

Before the Passage of Typhoon Wutip
CEIN 111.4–112.4 111 28.75 6 0.12 23 32.94 6 0.08 392.92 6 1.83 1.44 6 0.61
OUT 110.7–111.4

112.4–113.2
275 29.16 6 0.17 32 33.12 6 0.06 393.04 6 4.31 1.24 6 0.38

AEIN 113.2–113.25 12 29.50 6 0.07 51 32.98 6 0.02 390.31 6 0.50 1.51 6 0.05
Mean 29.06 6 0.25 33.07 6 0.11 392.93 6 3.74 1.31 6 0.46

After the Passage of Typhoon Wutip
CEIN 111.4–112.4 93 26.39 6 0.37 14 33.52 6 0.07 413.05 6 7.56 3.30 6 0.75
OUT 110.7–111.4

112.4–113.2
148 27.51 6 0.52 39 33.40 6 0.13 396.97 6 3.42 1.71 6 0.51

AEIN 113.2–116 181 28.94 6 0.10 49 33.22 6 0.07 383.03 6 3.72 20.11 6 0.55
Mean 27.87 6 1.07 33.35 6 0.15 394.53 6 12.54 1.28 6 1.46

aThese three different water masses are (a) large-size anticyclonic eddy water (AEIN) over the central region of the north South China
Sea, (b) small-size cyclonic eddy water (CEIN) to the west of the AEIN, and (c) water mass surrounding the AEIN (OUT).
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time-mean winds over the study region are characterized by relatively weaker winds of less than 5 m s21

over the southwestern part, and relatively stronger winds of about 9 m s21 over the northeastern part of
the study region. The westward and southwestward winds prevailed over the northern part of the study
region during this period.

During the typhoon on 27–29 September, strong winds with a large-scale cyclonic pattern prevailed over
the whole study region, with very strong winds of greater than 15 m s21 over the northwestern part of the
study region and weaker winds over other areas (Figure 4b, row A). During this period, the 3 day time-mean
winds were strong and about 16.8 m s21 over the Wutip’s lingering area centered at about (114.18E,
16.58N). Along the zonal transect at 188N, the mean wind speed during Typhoon Wutip was about
11.7 m s21 and only 2–3 times higher than the winds before the typhoon, which is expected since this zonal
transect is about 110 km away from the storm track. It should be noted that the horizontal structure of sur-
face winds inside the typhoon was not resolved well by the ASCAT remote sensing data set (Figure 4b, row
A), due mainly to its relatively coarse horizontal resolution of 26 km in comparison with the typical radius
(about 150 km) of Typhoon Wutip.

The 3 day time-mean winds weakened significantly and were nearly westward after the typhoon between
30 September and 2 October (Figure 4c, row A), with the time mean winds of less than 5 m s21 over the
southeastern part and about 7 m s21 over the northern part of the study region. The posttyphoon time-
mean wind speed was about 7.5 m s21 along the zonal transect at 188N, which was much weaker than the
time-mean wind during the typhoon, but highly comparable to the time-mean wind before the typhoon
(Figure 4a, row A).

Distributions of Ekman pumping velocities (EPVs) indicate that the wind-induced upwelling before the
typhoon (24–26 September; Figure 4a, row B) was very weak over the most of the study region, except for
small values (<2.5 3 1025 m s21) over the southeastern part of the region. During the passage of Typhoon
Wutip on 27–29 September, the large and positive EPVs (greater than 5 3 1025 m s21) occurred along the
storm track and areas to the right of the storm track (Figure 4b, row B), with the largest EPV of about 3.3 3

1024 m s21 over the lingering area of Typhoon Wutip. These large and positive EPVs indicate occurrence of
strong wind-induced upwelling during this period. It should be noted that over several small areas to the

Figure 3. Scatterplots between different in situ measured oceanographic variables measured at the sea surface: (a) SST versus pCO2sea and
(b) SSS versus pCO2sea before the typhoon on 25–27 September, and (c) SST versus pCO2sea and (d) SSS versus pCO2sea after the typhoon
on 1–2 October. Blue circles, black diamonds, and red squares correspond to in situ measurement in the cyclonic eddy water (CEIN),
surrounding water (OUT), and the anticyclonic eddy water (AEIN), respectively.
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left of the storm track, there were large and negative EPVs, indicating also the occurrence of wind-induced
downwelling over these small areas (Figure 4b, row B). Along the zonal transect at 188N over the lingering
area, the mean EPVs during Typhoon Wutip was about 2.8 3 1025 m s21, which was 3 times larger than the
pretyphoon value. The posttyphoon EPVs were weakened to about 0.3 3 1025 m s21 over the most of the
study region (Figure 4c, row B).

3.3. Geostrophic Circulation and Eddy Fields
In addition to typhoon-induced currents, upwelling/downwelling and vertical mixing during Typhoon
Wutip, distributions of pCO2 were also affected by the large-scale oceanic circulation over the NSCS. Here
we focus on the absolute geostrophic currents at the sea surface derived from the satellite altimeter data
and merged SLA fields. Figure 4a (row C) demonstrates that before the typhoon on 24–26 September, a
large-size anticyclonic eddy occurred over the central part of the NSCS, with its center located at about
(1158E, 188N) and the maximum speed of about 0.53 m s21. To the west of this large-size anticyclonic eddy,
a small-size cyclonic eddy occurred with its center located at about (111.758E, 18.258N) and the maximum
speed of about 0.35 m s21 during this pretyphoon period (Figure 4a, row C). Furthermore, there were two
weaker and less well-defined cyclonic eddies over the southwest part of the NSCS and one smaller-size
cyclonic eddy to the east of the large-scale anticyclonic eddies. Figure 4a (row C) also demonstrates that
the in situ observations were made only over the cyclonic eddy and its adjacent waters during the prety-
phoon period.

During the passage of Typhoon Wutip on 27–29 September, the large-size anticyclonic eddy reduced its
size and moved gradually westward with its center relocated at (114.758E, 188N) (Figure 4b, row C). To the
west of this anticyclonic eddy, the small-size cyclonic eddy reduced significantly its size and strength during
this period. Some waters leaked out from this cyclonic eddy to develop a new cyclonic eddy to the south-
west of the center of the large-size anticyclonic eddy (Figure 4b, row C). It should be noted that there were

Figure 4. Satellite remote sensing data of (a) surface wind speeds (m s21) and directions (arrows), (b) Ekman pumping velocity (EPV, m s21), and (c) sea level anomalies (SLA, cm) and
absolute geostrophic currents at the sea surface (m s21) over the northern South China Sea. Left, middle, and right figures are satellite data before, during, and after the passage of
Typhoon Wutip. Dashed lines represent cruise tracks. Black solid lines and gray dots represent the storm track and intensity of Typhoon Wutip.
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no in situ observations made over the NSCS during this period due to the severe and dangerous marine
conditions generated by Typhoon Wutip.

The large-size anticyclonic eddy moved further westward with its size reduced significantly after the
typhoon from 30 September to 2 October (Figure 4c, row C). The maximum surface geostrophic currents
inside this anticyclonic eddy actually increased during this period due to enhanced horizontal gradients of
the surface elevations inside the eddy. The cyclonic eddy to the west of the large-size anticyclonic eddy
weakened significantly, while the newly generated cyclonic eddy to the southwest of the large-size anticy-
clonic eddy strengthened significantly during this posttyphoon period (Figure 4c, row C). During this postty-
phoon period, in situ observations were made along the zonal transect at �188N, which crossed the small-
size cyclonic eddy, the large-scale anticyclonic eddy, and their adjacent waters.

For simplicity of discussions, the observed water mass along the cruise track between 111.48E and 112.48E
inside the small-size cyclonic eddy is referred to as the cyclonic eddy water mass (CEIN). The observed water
mass along the cruise track between 113.28E and 116.08E inside the large-size anticyclonic eddy is referred
to as the anticyclonic eddy water mass (AEIN). The observed water mass surrounding the CEIN is referred to
as OUT (Figure 2 and Table 1).

3.4. Satellite-Derived Rainfall, SST, and Net Heat Flux
In addition to storm-induced severe winds, Typhoon Wutip also brought a significantly large amount of
rainfall. Before the typhoon on 24–26 September, the 3 day time-mean rainfall was generally low and less
than 30 mm d21 over most of the NSCS, with slightly large rainfall of great than 50 mm d21 ahead of the
storm over the southeastern part of the study region (Figure 5a, row A). During the passage of Typhoon
Wutip on 27–29 September, the 3 day time-mean rainfall along the storm path increased up to 100 mm
d21 or greater (Figure 5b, row A), which was about 4 times of the pretyphoon rainfall on 24–26 September.
Figure 5b (row A) also shows that the heaviest rainfall was mainly left biased during Typhoon Wutip, which

Figure 5. Satellite remote sensing data of (a) precipitation (shade, mm d21), (b) sea surface temperature (SST, 8C), and (c) heat flux (W m22). Left, middle, and right figures are satellite
data before, during, and after the passage of Typhoon Wutip. Dashed lines represent cruise tracks. Black solid lines and gray dots represent the storm track and intensity of Typhoon
Wutip.
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differs from the typical rainfall distribution for a tropical cyclone [Lonfat et al., 2004]. Usually, a larger propor-
tion of rainfall falls in advance of the storm center than after the center’s passage, with the highest percent-
age falling in the right front quadrant [Lonfat et al., 2004], due to environmental factors such as wind shear,
sea surface temperature, and moisture distribution. The rainfall was small after the typhoon from 30 Sep-
tember and 2 October (Figure 5c, row A).

Distributions of the 3 day time-mean SST on 24–26 September (Figure 5a, row B) are characterized by high
SST of about 298C in the study region before Typhoon Wutip. The pretyphoon SST was slightly warmer over
the southwestern part and relatively cooler over the northern and southern part of the region. During the
passage of Typhoon Wutip, there was significant SST cooling over areas under the direct effect of the storm.
Except for the lingering area of the typhoon, the SST cooling was biased mainly to the right side of the
storm track, which is consistent with previous findings [Price, 1981; Sheng et al., 2006]. Over the lingering
area of the typhoon, significant SST cooling of about 1.48C occurred over a large area centered at about
(1158E, 16.48N) due mainly to the combined effect of storm-induced intense vertical mixing and strong
upwelling. After the typhoon on 30 September to 2 October, significant SST cooling of about 3–48C
occurred over the area occupied by the small-size cyclonic eddy to the right of the storm track (Figure 5c,
row B).

Distributions of the net heat flux at the sea surface shown in Figure 5 (row C) indicate that the net heat flux
distributions had significant temporal and spatial variability before, during, and after the typhoon over the
study region. Before the typhoon on 24–26 September, the 3 day time-mean net heat flux at the sea surface
was positive and about 100 W m22 over the western part, and less than 40 W m22 over the eastern part of
the study region (Figure 5a, row C). The net heat flux was negative over the southeast corner of the study
region and near zero over coastal waters off southeastern Hainan Island during the pretyphoon period. Dur-
ing the passage of Typhoon Wutip, the net heat flux at the sea surface was large and negative of about
2200 W m22 over the western part of the study region and moderate and positive of about 30 W m22 over
the southeastern part of the study region (Figure 5b, row C). After the typhoon on 30 September to 2 Octo-
ber, the net heat flux at the sea surface was highly variable with positive values over areas to the left of the
storm track, and slightly negative over the central area of the anticyclonic eddy and western part of the
study region (Figure 5c, row C).

3.5. In Situ Observations of Temperature, Salinity, and Chlorophyll a
Discussions so far have been focused mostly on oceanographic conditions at the sea surface over the NSCS
before, during and after Typhoon Wutip. A natural question to be asked is what was the response of subsur-
face hydrography to Typhoon Wutip. We address this issue by examining vertical profiles of observed
hydrography. Figure 6 presents vertical profiles of temperature and salinity constructed from in situ obser-
vations at 14 CTD stations and 1 Argo float before the typhoon (measurements made between 110.78E and
113.258E) and after the typhoon (measurements made between 113.258E and 115.08E). During the prety-
phoon period, the water mass with the relatively low temperature (<28.88C) occurred at CTD Stations 3 and
4 and water mass with the relatively high temperature (>298C) occurred at Stations 7 and 8 in the upper
layer (Figure 6a). The combination of low temperature in the upper layer and shallow MLD centered at
about (1128E, 188N) is an indication of the occurrence of relatively strong upwelling at Station 3. Figure 6b
indicates that a low-salinity patch (<33 psu) occurred at Stations 3 and 4 and another low-salinity patch
occurred at Station 8, due mostly to the rainfall distribution during this sampling period (Figure 5a, row A).
Due to the impact of Typhoon Wutip, water mass with relatively low temperature (<28.98C) and high salin-
ity (>33.2 psu) occurred at CTD Stations 11–15 in the upper layer, even although heavy rainfalls occurred
during the passage of the storm (Figure 6).

In the surrounding water mass (OUT) to the west of the cyclonic eddy, in which Stations 9 and 10 were
located, the MLD was about 33 m before the typhoon and increased to 44 m after the typhoon (Figures 6a
and 7a). It should be noted that at depths about 15 m of Station 9 on 27 September, the observed salinity
was very low and about 32.5 (Figure 7a). Exact reasons for these low-salinity subsurface waters are not
known.

During the study period, Argo float 5902163 was located in the same surrounding water mass, but to the
south of Stations 9 and 10 (Figure 1a). The MLD at this Argo float increased from 26 m before the typhoon
to 34 m after the typhoon (Figures 6a and 7b). The decreased temperature and increased salinity in the
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upper 30 m and increased temperature and decreased salinity at depths between 30 and 50 m indicated
very strong vertical mixing caused by Typhoon Wutip. By comparison, relative small changes in temperature
and salinity occurred at depths between 50 and 80 m and almost no change at depths greater than 80 m.
This indicates that the observed temperature and salinity at depths greater than 80 m in this surrounding
water mass were not affected by Typhoon Wutip (Figures 7a and 7b).

Argo float 2901436 was located inside the cyclonic eddy water mass (CEIN) during this study period (Figure
1a). Vertical profiles observed by this Argo float (Figure 7c) indicate that the MLD for the CEIN was about
32 m before the typhoon and decreased to 14 m on 1 October after the typhoon. The observed tempera-
ture and salinity at this Argo float were vertically more uniform on 27 and 29 September during the
typhoon than the pretyphoon and posttyphoon conditions within the surface mixed layer. All of these indi-
cate two important processes: (a) strong vertical mixing during the typhoon and (b) upwelling occurrence
over this area as demonstrated by Figure 4b (row B). Figure 7c also demonstrates that the CEIN had signifi-
cant changes in hydrographic (particularly temperature) profiles at depths between 40 and 200 m, which
indicates the occurrence of strong upwelling induced by Typhoon Wutip up to 200 m.

It should be noted that at Argo float 2901436, the observed temperature (salinity) decreased (increased) at
depths between 10 and 38 m, and increased (decreased) at depths between 38 and 85 m from 29 Septem-
ber to 1 October (Figure 7c). These large temporal changes in hydrography were associated mainly with
intense vertical mixing generated by Typhoon Wutip. At depths greater than 100 m at this Argo float, the
observed temperature slightly increased (and salinity was nearly uniform) during this 3 day period after the
typhoon. Exact reasons for these temporal changes at depths greater 100 m are not known.

Vertical stratifications in the anticyclonic eddy water mass (AEIN) were also affected by Typhoon Wutip as
demonstrated by the hydrographic observations made at Stations 8 and 11 (Figure 7d). These two stations
were chosen since the CTD measurements were made at Station 8 before the typhoon and Station 11 after
the typhoon and also since these two stations were close to each other. Furthermore, Station 8 was at the
edge of the AEIN, and Station 11 was close to the center of the AEIN. Figure 7d demonstrated that nearly
uniform temperature and salinity occurred in the top 50 m of the AEIN, due mainly to strong vertical mixing

Figure 6. Vertical profiles of (a) temperature and (b) salinity along cruise tracks at �188N. Black open squares represent CTD stations and the black open triangle represents Argo float
5902163 on 26 September. Dashed line and diamonds represent the mixed-layer depth. It should be noted that time-depth distributions of temperature and salinity between 110.78E
and 113.258E were constructed from the observations made at Stations 9, A, and 2–8 before Typhoon Wutip. The time-depth distributions between 113.258E and 116.08E were
constructed from observations made at Stations 11–16 after Wutip. The solid arrow represents the duration when Typhoon Wutip swept the southern part of the study region.
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Figure 7. Vertical profiles of observed temperature and salinity in different water masses before and after the passage of Typhoon
Wutip at (a) CTD Stations 9 and 10, (b) Argo float 5902163, (c) Argo float 2901436, (d) CTD Stations 8 and 11, and (e) Argo float 5904061.
(f) Vertical profile pCO2 from Tseng et al. [2007, Figure 4e].
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induced by Typhoon Wutip. This water mass in the top 50 m was slight cooler and saltier after the typhoon
than the counterpart before the typhoon. The AEIN also had significant changes in hydrography, particularly
temperature, at depths greater than 50 up to 550 m (data below 200 m were not shown). The posttyphoon
temperature was warmer than the pretyphoon temperature at depths between 50 and 550 m, indicating
strong downwelling over the central and northern parts of the anticyclonic eddy. The occurrence of strong
downwelling inside the anticyclonic eddy is consistent with previous findings [Chu et al., 2014].

During the study period, Argo float 5904061 was located inside the AEIN, but at about 110 km to the south
of the center of the AEIN (Figures 1 and 4, row C). Figure 7e demonstrates that the MLD decreased from
55 m before the typhoon on 26 September to 45 m after the typhoon on 30 September. In the top mixed
layer at this Argo float, the temperature and salinity were vertically uniform before and after the typhoon,
and the posttyphoon temperature was lower than the pretyphoon temperature due mainly to intense
storm-induced vertical mixing. By comparison, the posttyphoon salinity in the top mixed layer was lower
than the pretyphoon salinity observed by this Argo float, due to large rainfall accompanied by Typhoon
Wutip (Figure 5b, row B).

Distributions of Chla at the sea surface derived from daily VIIRS data were also affected significantly by
Typhoon Wutip, particularly along the storm path (Figures 8c and 8e). Before the typhoon on 24–26 Sep-
tember, the 3 day time-mean sea surface Chla was relatively low and about 0.10 mg m23 over areas with
valid data. After the typhoon on 30 September and 2 October, the 3 day time-mean sea surface Chla
increased significantly over the western part of the study region, with typical values of about 0.3 mg m23.
Significant changes in the sea surface Chla occurred in the CEIN and OUT on the right of the storm track,
where large storm-induced SST cooling occurred (Figure 5, row B). Over the area of Argo float 5904061, the
sea surface Chla was relatively low before the typhoon and about 0.07 mg m23 and increased to 0.15 mg
m23 after the typhoon. Over the central area of the AEIN, by comparison, the storm-induced changes in the
sea surface Chla and SST were small.

Figures 8a and 8b present in situ observations of Chla at locations marked by colored square symbols
before the typhoon and by colored circle symbols after the typhoon. The in situ observations are in good
agreement with the satellite remote sensing data shown in Figures 8c and 8e. It should be noted that the
cruise tracks were about 110 km to the north of the storm track. It is not surprising that in situ observations
did not capture the large increases in the sea surface Chla occurred over areas around the storm track
shown in Figure 8e.

Figure 8. Distributions of chlorophyll a (Chla) at the sea surface derived from ship measurements (a) before the typhoon on 25–26 September and (b) after the typhoon on 1–2 October.
Distributions of satellite-derived Chla from VIIRS data (c) before the typhoon on 24–26 September, (d) during the typhoon on 27–29 September, and (e) after the typhoon on
30 September to 2 October in 2013.
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4. Discussion

In this section, we discuss the temporal and spatial variability of the partial pressure of CO2 at the sea sur-
face and the air-sea flux of CO2 over the NSCS during Typhoon Wutip, based on in situ observations and sat-
ellite remote sensing data presented in section 3.

4.1. Typhoon-Enhanced pCO2sea Within a Cyclonic Eddy and Adjacent Waters
Before the passage of Typhoon Wutip on 25–27 September, as shown in Figures 3a and 3b, the observed
pCO2sea along cruise tracks was not strongly correlated with the observed sea surface temperature (SST)
and sea surface salinity (SSS), indicating that biological processes played an important role in affecting the
spatial variations in observed pCO2sea along the scientific cruise track at about 188N. After the passage of
the storm on 1–2 October, the observed pCO2sea was highly correlated with the observed SST (R2 5 0.79,
p< 0.000) and SSS (R2 5 0.73, p< 0.000; Figures 3c and 3d). This high correlation between observed pCO2sea

and observed hydrography at the sea surface after the typhoon suggests that the posttyphoon pCO2sea was
primarily controlled by physical processes such as typhoon-induced mixing and upwelling/downwelling.

Distributions of pCO2 during the study period were also affected by the large-scale density-driven oceanic
circulation over the NSCS. The surface geostrophic circulation over the NSCS during this period had a large-
scale anticyclonic eddy (AEIN) over the central NSCS, a small-scale cyclonic eddy (CEIN) to the west of this
anticyclonic eddy, and several smaller-size eddies around the AEIN and CEIN. Before the passage of
Typhoon Wutip, the pCO2sea within the CEIN was about 392.92 latm, which was slightly lower than the
value of 393.04 latm within the water mass surrounding the cyclonic eddy. Our results were consistent
with previous findings that upward advection within the cyclonic eddy resulted in the upwelling of deeper
cold and CO2-rich water to the surface, which, together with biological uptake, lead to low pCO2sea values
[Chen et al., 2007; Bond et al., 2011].

After the passage of Typhoon Wutip on 1–2 October, high pCO2sea (413.05 6 7.56 latm) and high air-sea
CO2 flux (3.30 6 0.75 mmol CO2 m22 d21) were observed within the CEIN. It should be noted that the CEIN
was the water mass affected directly by Typhoon Wutip. The higher SSS, higher Chla, and lower SST were
also observed within the CEIN after the typhoon based on in situ observations (Figures 2 and 8) and satellite
remote sensing data (Figure 5, row B), in comparison with the pretyphoon values. As mentioned earlier, the
pCO2sea was highly correlated with SST and SSS after the typhoon. These characteristics and high correla-
tions indicate that cold, salty, and CO2-rich subsurface waters were mixed with the surface waters within
the CEIN. In addition, the decreased MLD within the CEIN during the study period indicates the importance
of upwelling in this water mass.

The negative air-sea CO2 flux is the result of the efflux of deeper water with high pCO2sea into the surface.
Within the CEIN, the 3 day time-mean EPV calculated from satellite wind data was �5 3 1025 m s21 (Figure
4, row B). By assuming the duration is 3 days, this yields an estimation of the wind-driven upwelling of
13 m, which is comparable to the observed decrease of the MLD by about 14 m at Argo float 2901436
within the CEIN (Figure 7c). At this Argo float position, temperature decreased and salinity increased at
depths in the top 200 m during a 3 day period on 27–29 September, indicating again the important role of
upwelling to the negative air-sea CO2 flux within the CEIN.

Within the OUT, relatively higher SSS, lower SST, deeper MLD, higher pCO2sea (396.97 6 3.42 latm), and
higher air-sea CO2 flux (1.71 6 0.51 mmol CO2 m22 d21) were observed after the typhoon, in comparison
with the pretyphoon conditions. The correlation between SSS and pCO2sea was significantly positive
(R2 5 0.40, Figure 3), and the SST was not correlated with pCO2sea (R2 5 0.02, Figure 3). These characteristics,
together with high correlation between pCO2sea and SSS, indicate that the deep cold and salty water were
mixed and upwelled to the surface within the OUT. The upwelling of high pCO2sea water into the surface
increased the CO2 efflux from the sea to the atmosphere.

4.2. Decrease in pCO2sea Within the Anticyclonic Eddy
Within the anticyclonic eddy water mass (AEIN), the posttyphoon pCO2sea (383.03 6 3.72 latm) was
lower than the pretyphoon value (390.31 6 0.50 latm). The posttyphoon air-sea CO2 flux was negative
(–0.11 6 0.55 mmol CO2 m22 d21), while the pretyphoon air-sea CO2 flux was large and positive
(1.51 6 0.05 mmol CO2 m22 d21) within the AEIN. Along the cruise track over the northern part of the AEIN,
the SST was slightly lower, the SSS was slight higher, and the MLD was shallower after the typhoon in
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comparison with the pretyphoon oceanographic conditions (Figures 2 and 7d), even though a relatively
heavy precipitation occurred over this area during the passage of Typhoon Wutip (Figure 5, row A). Within
the AEIN after the typhoon, the SSS was highly correlated with pCO2sea (R2 5 0.73, Figure 3) and the SST
was moderately correlated with pCO2sea (R2 5 0.32, Figure 3). These characteristics and posttyphoon high
correlations indicate that the cold and salty subsurface water within the AEIN were mixed with the surface
water in the top 50 m due to the impact of Typhoon Wutip. Moreover, a large typhoon-induced precipita-
tion introduced additional buoyancy in the surface water and increased the stability of the vertical stratifica-
tion [Huang and Imberger, 2010], thus inhibiting the vertical mixing and subsequently influencing the
pCO2sea. Based on a simple thermodynamic relationship suggested by Takahashi et al. [1993],

@pCO2=@SST
pCO2

ffi 0:0423�C21; (7)

the SST cooling of about 20.568C (the difference in SST before and after Wutip in the AEIN was about
0.568C) led to a decrease of 28.48 latm in pCO2sea. This estimated decrease is comparable to the observed
decrease in pCO2sea by about 27.28 latm (Table 1).

The main processes for the typhoon-induced SST cooling include vertical mixing due to inertial-current res-
onance and winds, Ekman pumping, and heat loss to the atmosphere [Price, 1981; Huang and Oey, 2015].
Though the air-sea interaction, typhoons draw their energy from warm ocean waters to strengthen its inten-
sification and induced sea surface cooling [Emanuel, 1986; Lin et al., 2009; Tseng et al., 2007; Jaimes and
Shay, 2015]. The 3 day time-mean net heat flux at the sea surface within the AEIN changed from a heat gain
(about 80.2 W m22) by the ocean before the typhoon to a heat loss (about 288.2 W m22) during the
typhoon, and to a heat gain (about 46.7 W m22) after the typhoon (Figure 5, row C). The SST change due to
the net heat flux alone (DSST1Þ can be estimated from [Xie et al., 2010],

DSST15
Dt
qCp

Qnet

H
; (8)

where q represents the seawater density, Cp is the specific heat of seawater at constant pressure, H is the
mixed layer depth, and Qnet is the net heat flux. The estimated SST cooling during the typhoon is about
20.118C. Since the observed SST cooling within the AEIN during the typhoon was about 20.568C,
the SST cooling due to the wind-induced vertical mixing (and upwelling) was equal to 20.56 2

(–0.11) 5 20.458C. As mentioned earlier, the CTD observations at depths greater than 50 m at the center
of the AEIN (Figure 7d) suggested occurrence of downwelling within the AEIN, which is consistent with
previous findings for anticyclonic eddies [McGillicuddy and Robinson, 1997; Chu et al., 2014]. Therefore,
the storm-induced vertical mixing also played a very important role for the observed SST cooling in the
top 50 m with the AEIN.

At Argo float 5904061 over the southern part of the AEIN (Figure 7e), the observed temperature and salinity
profiles in the vertical (Figure 7e) indicate that the storm-induced intense vertical mixing in the top 50 m
and storm-induced large upwelling in the water column less than 500 m (data only show in the upper
200 m). As mentioned earlier, the observed salinity in the top 50 m at this Argo float location decreased by
0.3 psu from 26 to 30 September, due to the heavy rainfall before and during Typhoon Wutip (Figure 5, row
A). Based on the analysis above, the upper layer mixing depth within the AEIN was about 50 m. Previous
studies indicated that the pCO2 was constant in the upper 40 m and MLD was 20 m at SEATS station (1168E,
188N) on 2–7 October 2001 [Tseng et al., 2007, Figure 4]. In other words, the depth of constant pCO2 was
20 m deeper than the MLD. In this case, the pCO2 appeared to be uniform in the upper 71 m.

The biological photosynthesis process can also decrease pCO2 and respiration process can increase pCO2

[Dai et al., 2009; Krause-Jensen and Sand-Jensen, 1998]. Within the AEIN based on VIIRS images, the Chla was
less than 0.1 mg m23 before the typhoon and slightly increased to 0.12 mg m23 after the typhoon (Figure
8). This very small Chla change indicates that biological process may not have much impact on pCO2 in this
case. The pCO2 change in response to typhoons is ultimately determined by the coupled DIC (CO2-rich), TA,
temperature and salinity change, and phytoplankton photosynthesis. The temperature was found to be the
decisive factor in decreasing pCO2 in the case of Hurricanes Felix and Frances in the North Atlantic Ocean
[Bates et al., 1998; Huang and Imberger, 2010]. By comparison, DIC is the most important factor in increasing
pCO2 in the case of tropical depression in the SCS [Sun et al., 2014]. In this study, the increased pCO2sea in
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the CEIN and OUT was due to the fact that the CO2-rich subsurface waters were mixed and upwelled to the
surface, while the decreased pCO2sea in the AEIN was due mainly to SST cooling.

4.3. Impact of Typhoon Wutip on the Local Air-Sea CO2 Exchange
Before the passage of Typhoon Wutip, the area-averaged air-sea CO2 flux was about 1.44 6 0.61,
1.24 6 0.38, and 1.51 6 0.05 mmol CO2 m22 d21, respectively, over the CEIN, OUT, and AEIN, indicating that
in autumn the NSCS was a regional source for the atmospheric CO2. Our finding is consistent with previous
studies [Zhai et al., 2005, 2013]. Due to the effect of Typhoon Wutip, however, the area-averaged postty-
phoon air-sea CO2 flux over the CEIN and OUT increased to about 3.30 6 0.75 and 1.71 6 0.51 mmol CO2

m22 d21, respectively, which were about 38–130% increases from the pretyphoon values. Within the AEIN,
the area-averaged posttyphoon air-sea CO2 flux was about 20.11 6 0.55 mmol CO2 m22 d21, meaning that
Typhoon Wutip turned the AEIN from a CO2 source into a sink. The storm-induced changes in the CO2 flux
within the AEIN during Typhoon Wutip were about 20.11 – 1.51 5 21.62 mmol CO2 m22 d21, which had
about 34% changes compared to the average seasonal air-sea CO2 flux in the northern basin of the SCS
(1.2 6 2.0 mmol CO2 m22 d21) reported by Zhai et al. [2013]. The storm-induced decrease in the air-sea CO2

flux during Typhoon Wutip was only about 1.28 (before) 21.31 (after) 5 20.03 mmol CO2 m22 d21, indicat-
ing that Typhoon Wutip had a minor impact on the air-sea CO2 flux.

It should be noted that the impact on the air-sea CO2 flux by a typhoon is a complicated process. High
winds accompanied by a typhoon enhance the gas transfer velocity, and then increase the air-sea CO2 flux.
Previous studied demonstrated that the increase in the CO2 efflux was mainly caused by increases in the
wind speed for Typhoons T9711 and T9713 [Nemoto et al., 2009] and Typhoon Felix [Bates et al., 1998].
Wada et al. [2013] reported that the decrease in pCO2air explained about 40% of the air-sea CO2 flux. Most
of previous studies found the variation of pCO2sea is the main reason for the change in the air-sea CO2 flux.
Previous studies also suggested that the typhoon-induced SST cooling was the dominant reason for the
decrease of pCO2sea [Bates et al., 1998; Huang and Imberger, 2010]. The typhoon-uplifted deeper CO2-rich
water, however, could increase pCO2sea [Sun et al., 2014]. An increase in the CO2 efflux from the ocean to
atmosphere caused by typhoons was observed [Bates et al., 1998; Perrie et al., 2004; Nemoto et al., 2009]. A
tropical depression was found to transform a carbon sink area to carbon source in the SCS [Sun et al., 2014].
In this study, we documented two different responses after the passage of Typhoon Wutip: high pCO2sea

with a high efflux of CO2 and low pCO2sea with a low influx of CO2. Our results are consistent with the results
reported by Levy et al. [2012], who found that the typhoon-generated CO2 flux depended on the CO2 condi-
tions at the time of the typhoon’s passage.

The enhanced efflux from the ocean to atmosphere over the CEIN and OUT can be explained by two factors:
(1) the shallow MLD in the preexisted cyclonic eddy that made relatively easy to bring subsurface waters to
the surface by a typhoon and (2) strong vertical mixing generated by inertial-current resonance and intense
winds accompanied by a typhoon. Over the AEIN, the efflux transformed to influx from the ocean to atmo-
sphere can be explained by (1) the sea surface cooling which induced by typhoon drew heat energy and (2)
intense precipitation brought by typhoon. More than 130 mm rain diluted SSS from about 33.32 to 30.04
(Argo float: 5904061) which decreased surface pCO2sea.

5. Summary and Conclusions

In this study, we examined the typhoon-induced changes in the partial pressure of CO2 at the sea surface
(pCO2sea) and the air-sea CO2 flux during Category 2 Typhoon Wutip over the northern South China Sea
(NSCS). Several types of in situ oceanographic observations and satellite remote sensing data were used in
the analysis. Typhoon Wutip generated extreme marine conditions, such as intense wind-driven currents,
strong vertical mixing, large ocean waves, and Wind Pump effect, over the NSCS during a 3 day period on
27–29 September.

The typhoon-induced air-sea CO2 flux (FCO2) was quantified during Typhoon Wutip over three different
water masses in the NSCS: a large-size anticyclonic eddy water (AEIN) over the central area of the NCSC,
a small-size cyclonic eddy water (CEIN), and water mass surrounding the cyclonic eddy (OUT). Different
mechanisms were involved for the observed changes in pCO2sea and air-sea CO2 flux over different water
masses.
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Over the CEIN and OUT, an increase of about 38–130% in the CO2 flux from the ocean to the air was
explained by the entraining/mixing CO2-rich subsurface water due to a preexisting shallow mixed layer
depth (20 m) and strong vertical mixing generated by inertial-current resonance and intense winds accom-
panied by Typhoon Wutip. The high pCO2sea after Wutip in the CEIN and OUT can be explained by strong
entraining/mixing and uplifting of CO2-rich subsurface water due to the preexisting shallow mixed-layer
depth (20 m) before the typhoon and intense winds accompanied by Typhoon Wutip.

Over the AEIN, the CO2 flux from the ocean to the air was changed into the flux from the air to the ocean
during the study period. This change was primarily accounted for by the storm-induced SST cooling and a
relatively thick mixed-layer depth (about 45 m) that reduced the subsurface water entrain/mix to surface.
Intense rainfall brought by Typhoon Wutip strengthened the water column stratification in the vertical,
thereby reducing the subsurface water entrainment. The low pCO2sea after Wutip in the AEIN was associated
with strong sea surface cooling as a result of intense vertical mixing in the surface layer and strong upwell-
ing, both of which were generated by Typhoon Wutip. It should be noted that downwelling occurred over
the central area of the AEIN, which was not generated directly by Typhoon Wutip.

Our results demonstrated that Typhoon Wutip generated large spatial variations in the pCO2sea, by increas-
ing the CO2 efflux within the CEIN and OUT and transforming CO2 efflux into CO2 influx in the AEIN. Our
results also demonstrated that the impact of Typhoon Wutip on the local air-sea CO2 flux over the NSCS
was largely determined by the oceanographic conditions during the passage of the typhoon. It should be
noted that the typhoon-induced changes in pCO2sea and FCO2 were estimated based on in situ observations
made along the cruise tracks, which were about 110 km away from the typhoon path over the NSCS. It
should also be noted that analyses of in situ observations presented in this paper were made based mainly
on the local processes such as vertical mixing and upwelling/downwelling. The other processes may also
play an important role. Huang and Oey [2015], for an example, demonstrated that the right-biased
enhanced phytoplankton bloom in the wake of a tropical cyclone can also be caused by decreased turbu-
lence due to restratification by recirculation cells produced on the right side, rightward shift of cool iso-
therms, and spin-up of a subsurface jet in the northern hemisphere. Our future studies will include an
examination of responses of pCO2sea and FCO2 to the typhoon along the typhoon path, using three-
dimensional fields of circulation and hydrography to be simulated by a numerical ocean circulation model
forced by atmospheric forcing associated with typhoon Wutip.
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