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Abstract This study assessed the effects of typhoons on sea surface pCO, and CO, flux in the northern
South China Sea (SCS). During the passage of three major typhoons from May to August 2013, sea surface
pCO,, surface seawater temperature (SST), and other meteorological parameters were continuously
measured on a moored buoy. Surface water in the region was a source of CO, to the atmosphere with large
variations ranging from hours to months. SST was the primary factor controlling the variation of surface
pCO, through most of the time period. Typhoons are seen to impact surface pCO, in three steps: first by
cooling, thus decreasing surface pCO,, and then by causing vertical mixing that brings up deep, high-CO,
water, and lastly triggering net uptake of CO, due to the nutrients brought up in this deep water. The
typhoons of this study primarily impacted air-sea CO, flux via increasing wind speeds. The mean CO, flux
during a typhoon ranged from 3.6 to 5.4 times the pretyphoon mean flux. The magnitude of the CO, flux
during typhoons was strongly inversely correlated with the typhoon center distance. The effect of typhoons
accounted for 22% of the total CO, flux in the study period, during which typhoons occurred only 9%

of the time. It was estimated that typhoons enhanced annual CO, efflux by 23-56% in the northern SCS
during the last decade. As such, tropical cyclones may play a large and increasingly important role in
controlling CO, fluxes in a warmer and stormier ocean of the future.

Plain Language Summary The global ocean absorbs about 25% of anthropogenic carbon dioxide
emissions from the atmosphere and plays an important role in regulating global climate. One important
question regarding estimates of carbon dioxide flux at the ocean surface is how episodic events such as
typhoons affect surface seawater carbon dioxide and air-sea carbon dioxide exchange. In this study, seawater
temperature generally played a primary role in controlling surface seawater carbon dioxide under
nontyphoon conditions in the northern South China Sea. We found that typhoons seem to have a three-step
effect on surface carbon dioxide: first cooling, which decreases carbon dioxide content, followed by
vertical mixing that can bring up deep water with high concentrations of carbon dioxide and nutrients, and
lastly the triggering of net uptake of carbon dioxide due to phytoplankton growth fueled by those nutrients.
Increased air-sea carbon dioxide flux during a typhoon is caused primarily by high wind speed.

Typhoons enhanced carbon dioxide flux to the atmosphere by 23-56% annually in the study region. As such,
typhoons may play a more important role in the control of carbon dioxide fluxes in a warmer and stormier
ocean of the future.

1. Introduction

The global ocean absorbs about 1.6-2.0 Pg C year™* from the atmosphere, corresponding to about 25% of
anthropogenic CO, emissions (lida et al., 2015; Takahashi et al., 2009; Wanninkhof et al., 2013). This esti-
mate is relatively well constrained based on a compilation of directly measured oceanic CO,, obtained pri-
marily from shipboard underway and in situ time series measurements. Measurements of pCO, in coastal
oceans have increased dramatically in recent decades. However, the estimates of CO, fluxes in coastal sys-
tems still bear large uncertainties due to significant heterogeneity, and limited spatiotemporal coverage, of
these fluxes (Bauer et al., 2013; C. T. A. Chen et al., 2015; Laruelle et al., 2014). The current understanding
is that global continental shelves serve as a CO, sink, while near-shore systems and estuaries are CO,
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sources (Bauer et al., 2013; Cai et al., 2006; Cai et al., 2011; C. T. A. Chen & Borges, 2009; Dai et al., 2013).
Accurate assessment of the air-sea CO, flux, and its spatiotemporal variability, in the coastal ocean is needed
to improve the understanding of the coastal carbon cycle and to predict future changes in coastal systems
and the complex biogeochemical impacts of these changes, including coastal ocean acidification.

An important question regarding estimates of CO, fluxes in the ocean is how episodic events such as storms
affect surface pCO, and air-sea CO, exchange. The effects of such events have not been well quantified in
estimates of CO, fluxes. In addition to their possible effect on CO, fluxes, storms can potentially modify car-
bon biogeochemistry. For example, nutrients upwelled during storms may trigger phytoplankton blooms,
altering the Biological Carbon Pump, a process that has not been well assessed on regional and global scales.
Understanding the influence of storms on marine carbon biogechemistry is important to better constrain
oceanic CO, fluxes and to predict future changes in these fluxes, given that storm intensity may increase
under climate change (Intergovernmental Panel on Climate Change, IPCC, 2013).

Evidence of the impact of storms on CO, fluxes at the ocean surface has come from a number of studies.
Based on shipboard observations made before and after the passage of hurricanes, Bates et al. (1998) showed
that hurricanes increased the summertime CO, efflux by nearly 55% in the Sargasso Sea. Hood et al. (2001)
observed a sharp decrease in surface seawater temperature (SST), as well as increases in pCO, and nitrate
concentrations, during a storm with wind speeds reaching 16-17 m s~'. The CO, flux during the storm
doubled due to the elevated wind speed. Nemoto et al. (2009) found that three typhoons accounted for
60% of the summertime efflux of CO, in the western subtropical North Pacific. Surface pCO, was likely
impacted by vertical turbulent mixing and upwelling resulting from the typhoons. Evidence that episodic
events, such as typhoons, can have large effects on air-sea CO, exchange has also been reported by Huang
and Imberger (2010) and Sun et al. (2014). However, with a few exceptions, most previous studies were based
on short-term observations (days to weeks) around typhoon periods, or on numerical simulation (Koch
et al., 2009). As such, understanding of the effects of typhoons on pCO, and CO, fluxes over monthly to sea-
sonal scales and beyond is presently limited. Long-term (encompassing a number of typhoons as well as
quiescent between typhoons) and high-resolution time series pCO, measurements, along with other rele-
vant observations, are key to assess the impact of typhoons on CO, fluxes over these longer scales. In addi-
tion, more dedicated studies are necessary to improve understanding of the mechanisms controlling surface
pCO; and impacting CO, fluxes during storms. Such knowledge is key to establishing mechanistic models to
evaluate storm effects on pCO, and CO, fluxes at the ocean surface.

With a total area of approximately 2.5 x 10~° km?, the South China Sea (SCS) is the largest tropical marginal
sea in the western Pacific Ocean. Observations of surface pCO, in the SCS show spatiotemporal variability in
the range of 280 to 470 patm and suggest that the SCS as a whole serves as a weak to moderate source of CO,
to the atmosphere (3.1 + 1.7 mmol m~2 day_l) (C.T. A. Chen et al., 2006; Dai et al., 2013; Zhai et al., 2005,
2013). Zhai et al. (2013) found that the northern SCS also served as a weak CO, source with an annual air-sea
CO, flux of 1.3 + 1.2 mmol m™2 day™'. However, earlier studies based on time series observations at the
South-East Asian Time Series Study station (SEATS, 18°15’N, 115°35’E) found that the northern SCS was
a weak CO, sink, removing 0.05-0.5 mmol m~2 day_1 from the atmosphere (Chou et al., 2005; Tseng
et al., 2007). Since these studies are all several years in duration, the discrepancy suggests interannual varia-
bility of the CO, flux in the northern SCS.

On a seasonal scale, the study of Zhai et al. (2013) showed that offshore surface water of the northern SCS
releases CO, to the atmosphere in spring (1.7 + 0.8 mmol m ™2 day ™", surface pCO, ranging from 363 to
444 patm), becomes a stronger CO, source in summer (3.2 + 0.3 mmol m™> day_l, pCO, from 353 to
421 patm), and has air-sea CO, exchanges that are nearly in equilibrium in autumn (1.0 + 1.8 mmol m™>
day™*, pCO, from 345 to 411) and winter (—0.9 + 1.9 mmol m™ day ™, pCO, from 324 to 398 patm). In gen-
eral, SST is the major factor controlling the seasonal variation of surface pCO, in offshore areas, while biolo-
gical effects seem to be secondary (Tseng et al., 2007; Zhai et al., 2005, 2013). On a shorter time scale, surface
seawater pCO, in these offshore waters shows a small diel change, on the order of ~10 patm (Dai et al., 2009).

Due to a relatively stable and deep mixed-layer depth (~44 m), vertical mixing has a limited effect on surface
seawater pCO, in the offshore SCS region (Dai et al., 2009). The northern SCS is also occasionally influenced
by an intrusion of the Kuroshio Current via the Luzon Strait (C. T. A. Chen et al., 2001; Dai et al., 2013;
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Figure 1. The northern South China Sea and vicinity with the tracks of three major typhoons in 2013. The locations of
two buoy sites are marked as black dots. Colored lines represent the tracks of the three typhoons (T1305, T1306, and
T1309). Dots along the track lines indicates a typhoon's location every 6 hr. DSI denotes Dongsha Island where
atmospheric xCO, was measured. Water depth is indicated by the color bar on the right. Map was produced with
Ocean Data View software (https://odv.awi.de).

Du et al., 2013), which can generate mesoscale cyclonic eddies in the northeast monsoon season (Sheu
et al., 2010). This process may pump water enriched in nutrients and CO, from the depths to the
surface, causing phytoplankton blooms (He et al., 2016; Shang et al., 2012).

In the nearshore region of the northern SCS, the air-sea CO, exchange is small (i.e., near equilibrium)
in spring (0.4 + 1.6 mmol m™2 day™'), summer (—0.6 + 1.1 mmol m™2 day '), and autumn
(0.2 + 1.9 mmol m™2 day™") (Zhai et al., 2013). However, the region is a moderate CO, sink in winter
(-48 + 2.6 mmol m > day_l). As such, the annual air-sea CO, flux is close to zero
(1.2 + 1.8 mmol m~? day™") (Zhai et al., 2013). In addition to SST, other factors can impose high varia-
bility on surface pCO, distribution in the nearshore region. The Pearl River plume in flooding seasons and
seasonal upwelling along the southern China coast can have profound impacts on nearshore biogeochem-
ical processes in the northern SCS (Bai et al., 2015). Each of these processes contributes significant inputs
of nutrients to the coastal waters, inducing substantial drawdown of surface pCO, through enhanced pri-
mary productivity (Cao et al., 2011; Dai et al., 2008).

To the best of our knowledge, no studies have investigated the effects of typhoons and other episodic
events on surface pCO, and air-sea CO, flux in the northern SCS. Using extended in situ time series mea-
surements in the SCS, this study explicitly examines and evaluates the effects of the passage of typhoons on
surface seawater pCO, and air-sea CO, flux. We focus on characterizing and evaluating how biogeochem-
ical and physical processes, such as cooling, mixing, and biological activity triggered by typhoons, impact
surface pCO,, and CO, flux, thus improving our understanding of the impact of typhoons on carbon bio-
geochemistry. We also assess the impact of typhoons on overall CO, flux in the northern SCS during the
last decade. The results provide insights on the factors controlling CO, flux at the study site. We compare
these results with findings from other regions in order to examine the similarities and differences in the
tropical storm effects across sites.
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2. Materials and Methods
2.1. Study Site

The northern SCS is bordered by the mainland of China to the north and by the deep SCS basin to the south
(Figure 1). It has a wide shelf extending 150 to 300 km offshore. The shelf system receives freshwater influx
mainly from the Pearl River, which is the thirteenth among world rivers when ranked by discharge
(3.26 x 10* m? year™), with 80% of this influx occurring in the wet season from April to September (Guo
et al., 2008; Su, 2004). The climate in the northern SCS is dominated by the Asian monsoon. The
rain-bearing southwest monsoon lasts from June to September, while the northeast monsoon, typically char-
acterized by higher wind speed, prevails from November to March, with a transition period from March to
June (Han, 1998). Coastal upwelling often occurs in summer, driven by the prevailing southwest monsoon
(Han & Ma, 1988). The northern SCS slope area is typically oligotrophic (Wong et al., 2007) and low in pro-
ductivity (Y. L. L. Chen & Chen, 2006). However, phytoplankton productivity on both the shelf and slope in
the northern SCS can be enhanced by the Pearl River plume and mesoscale eddies (He et al., 2016). The SCS
experiences frequent typhoons, on average of more than seven annually, triggering sea surface cooling and
phytoplankton blooms due to mixing and upwelling (Chang et al., 2008; C. T. A. Chen et al., 2003; Lin
et al., 2003; Zhao et al., 2008).

2.2. Measurements

Surface water pCO, was measured hourly using a SAMI-CO, sensor (Sunburst Inc., Missoula, MT, USA)
mounted on a buoy moored in the northern SCS over 94 days in 2013 (Figure 1). The buoy was first deployed
at 115°37'18"E, 19°22'55"N (Buoy 1 in Figure 1, water depth 2,610 m) from 8 May through 28 June 2013. It
was then serviced and redeployed at a nearby site (115°37’35”E, 19°57’11"N, Buoy 2 in Figure 1, water depth
1,470 m) from 28 June through 10 August 2013. The buoy sites, separated by 64 km, were near the slope of
the northern SCS (Figure 1). The nominal measurement range of the SAMI-CO, sensor is between 150 and
700 patm, with a manufacturer's reported accuracy of about +1 patm. Before deployment, the sensor was
calibrated in the laboratory against a flow-through pCO, system (General Oceanics, Model G8050). The
two systems were found to be in good agreement with a mean difference of 3.1 + 2.5 patm (n = 9). The
SAMI-CO, sensor was located below the sea surface at ~1 m in depth and was covered with copper mesh.

Wind speed and SST were obtained hourly from the meteorological sensors on the buoy. All buoy data were
sent through iridium satellite to the laboratory at the Second Institute of Oceanography, Hongzhou, China,
inreal time. All data are reported in local time, as this is useful for discussion of effects of biological activities.
During the study period, local sunrise and sunset times at the buoy site were ~6 a.m. and ~7 p.m., respec-
tively. The typhoon track data used in this paper (Figure 1) were obtained from the U.S. Joint Typhoon
Warning Centre (JTWC, http://www.usno.navy.mil/JTWC/). The data include the location and intensity
of the typhoon centers at 6-hr intervals. Atmospheric CO, mole fraction (in dry air, xCOzair) was measured
at the Dongsha Island (DSI) monitoring site (https://www.esrl.noaa.gov/gmd/dv/data/index.php), located
in the northern SCS at 116°43'47"E, 20°41’57"N, about 200 km northeast of the buoy sites (Figure 1).
xCO,™" was measured weekly from May to August 2013. To estimate air-sea CO, flux, atmospheric pCO,
(pCO,*") was calculated from xCO,", SST and salinity.

2.3. Air-Sea CO, Flux

Air-sea CO, flux (F) was calculated using the gas transfer velocity (k), the pCO, gradient between sea surface
(pCO,**?) and overlying air (pCO,™") as follows:

F =k x Ky X (pCO,™* — pCO,*") (1)

where Ky is the solubility of CO, in seawater (Weiss, 1974). Positive F corresponds to a flux from ocean to
atmosphere, meaning the ocean is an air-sea CO, source to the atmosphere. In this study, we used four
published k parameterizations based on wind speed at 10 m above sea surface (Uy) to calculate fluxes:

k = 0.31 x Uyp? X (S,/660)™"° (2)

(Wanninkhof, 1992)
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(Ho et al., 2006)
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(Sweeney et al., 2007)

k =0.251 x Uyo> X (S./660) "> 5)

(Wanninkhof, 2014) where S. is the Schmidt number for CO, in sea-
water. These equations have been frequently used in marine CO, stu-

10 15 20 dies. Equations 2 and 4 were also used to estimate air-sea CO, flux in
U10 (ms°1) the SCS in previous study (Zhai et al., 2013). Equation 5 is an update
on the widely used method by Wanninkhof (1992). Herein, we report

Figure 2. Standard deviation (SD) of calculated mean CO, fluxes based on four mean flux values calculated from the above four equations with one

different k parameterizations (see text) as a function of Uyo. Red line is

regression curve.

standard deviation (SD). The rational is that the averaged k repre-
sents the largest number of relevant independent observations used
to derived these equations and thus better reflects the real uncertainty of k (as compared with the k produced
by a single parameterization).

In this study, an AIRMAR wind sensor (Model 150WX) was deployed on the mooring at ~3 m above the sea
surface. Wind speed was converted to Uy, using the equation derived by Large and Pond (1981):

Uy = Uz/(l + ngl" x In (%)) (6)

where Z is the height (m) above sea surface (3 m in this study), Uy is wind speed (m s~ 1) measured at Z,
Cd, is the drag coefficient (0.0011), and 0.4 is von Karman's constant. U, was based on gust wind speed.

To evaluate effects of typhoons on surface pCO, and CO, flux, the typhoon effect period (TEP) was defined
as the period that starts when U was 30% higher than the mean value in the previous 24 hr and ends when
Uy returned to its starting value before the typhoon's passage. This definition captured the periods when the
Uy was elevated by typhoons, though it is somewhat arbitrary as there is no established definition for TEP.

2.4. Uncertainty of Air-Sea CO, Flux Calculation

The major uncertainty of the air-sea CO, flux calculation is due to k parameterization, which has an esti-
mated uncertainty of 20% when U, > 3 m/s (Wanninkhof, 2014). At low winds, nonwind effects such as
chemical enhancement and thermal boundary layer processes influence gas transfer, and the quadratic rela-
tionship will underestimate gas transfer velocity (Wanninkhof, 2014). In this study, we evaluated the varia-
bility of CO, flux by using different k parameterizations (Equations 2-5). When U, < 6 ms™", the condition
during most of the nontyphoon periods (Figure 2), the SD of mean CO, flux calculated from the four equa-
tions ranged from 0 to 0.5 mmol m™> day~ " with a mean of 0.2 mmol m™~* day™". The SD increased to 0.5-3.4
(with a mean of 1.0) mmol m 2 day_1 when Uy > 9 m s~ %, which was the predominant condition during
TEPs. The maximum SD of 3.4 mmol m™~> day™" occurred when Uy, reached 19.4 m s, corresponding to
an air-sea CO, flux of 41.7 mmol m day’1 (Figure 2). The relative SD of CO, fluxes across all wind speeds-
was ~8%. These uncertainties do not affect our interpretation of the effects of typhoons on CO, flux, as
the cumulative CO, flux during typhoons accounts for 22% of CO, fluxes during the study period (see
section 3.3) or 23-56% of the annual CO, flux during 2008-2018 (see section 3.4).

air

Another uncertainty may result from using the weekly measurement of xCO,™", while the pCO, data have
higher (hourly) resolution. We used linear interpolation to convert the weekly xCO,"" data to hourly values
for the flux calculation. We estimated the potential uncertainty of using weekly xCO,™" data by examining
the daily xC02air data measured in Hawaii (Site MLO, 19°32’10”N, 155°34’34"W, https://www.esrl.noaa.
gov/gmd/dv/data/index.php). Daily xCO,*" at MLO ranged between 395.27 and 400.39 ppm during the per-
iod of 8 May through 10 August 2013 when our measurements took place. The differences between this daily
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Figure 3. Variations of surface pCO, (a), SST (b), n-pCO, (c), U (d), and CO, flux (e) in the northern SCS from 8 May
to 10 August in 2013. pCO5 (a), SST (b), and U;( (d) were measured in situ hourly. Gray areas represent the periods of
three typhoons passing by. Green line represents SST data from ERSL. Purple line represents Uj data from NCEP.
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xCO,™" series and a daily series determined by taking weekly xCO,™" points and interpolating them to
hourly values varied from —0.86 to 0.74 ppm. Such differences are only ~0.2% of the mean xCO,""
(398.21 ppm) during the period. At the mean wind speed and mean pCO, observed in this study, this
translates to a CO, flux uncertainty of ~0.06 mmol C m~* day™" or ~1.5%, which is insignificant in our
flux calculations.

3. Results and Discussion
3.1. Surface Variability

Hourly measured sea surface pCO, showed high variability over multiple time scales in the northern SCS
from early May through August 2013 (Figure 3a). pCO, generally trended closely with SST (Figure 3b), fol-
lowing a significant relationship of pCO, = (369 + 19 patm) X e 0.0423 (SST-26) (n = 2,049, * = 0.876), where
26 is the annual average SST of the offshore water in °C (Zhai et al., 2005). This is nearly identical to a
SST-pCO, relationship derived from underway observations in the northern SCS by Zhai et al. (2005).
From early May through early June, pCO, gradually increased with rising water temperature, primarily
the result of increased solar heating. Subsequently, pCO, exhibited a decreasing trend until late June
(Figure 3a) and showed less variation thereafter. The maximum pCO, value of 484 patm occurred on 3
June, which corresponded to a SST maximum of 32.23°C. The minimum pCO, of 410 patm was observed
on 27 July, while the minimum SST value of 28.31°C occurred on 9 May. The mean (+SD) pCO, was
432 + 15 patm (n = 2,049) during the study period.
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pCO,*" had a mean value of 379 patm from May through August with little variation (+2 patm) (Figure 3a).
Air-sea pCO, difference, ApCO,, defined as pC0O,** — pCO,™", ranged from 29 to 106 patm with a mean of
53 + 16 patm. The region was a CO, source to the atmosphere during the entire study period.

SST showed limited variation, with a mean of 29.66 + 0.66°C (n = 2,216) during the study period (Figure 3b).
To control for the effect of temperature, pCO, was normalized to T = 29°C (close to mean SST) as n-pCO,,
which was confined within a narrow range of 420 + 6 patm (n = 2,049) from May through August
(Figure 3c), even though the study period covered a major portion of the production season. Overall, surface
variability of pCO, measured at the buoy site is representative of an oligotrophic nonupwelling system,
where the thermal effect primarily controls surface pCO, and the biological effect is limited. Such a condi-
tion resulted in the ocean being a net weak CO, source during the study period. The study site thus bears the
characteristics of a tropical/subtropical shelf region in terms of air-sea CO, fluxes (Cai et al., 2006).

During the study period of 8 May to 10 August 2013, five typhoons passed through the northern SCS. Among
these typhoons, three (T1305-Bebinca, T1306-Rumbia, and T1309-Jebi) passed south of the buoy sites at a
nearest distance from 69 to 382 km (Figure 1). They had appreciable effects on U;q at buoy sites
(Figure 3d). The effects of the other two typhoons were relatively small and will not be discussed. Rapid
increase of Ujo and decrease of pCO, and SST were observed during the three TEPs (gray area in
Figure 3). This suggests that typhoons may have a large effect on SST, U;, and pCO, and thus on air-sea
CO, flux.

Uy, measured at times other than the typhoon events was generally below 8 m s™! with an average of
5.3 +2.5ms . During each typhoon event, U, at the buoy site sharply increased and reached a maximum
value as high as 19.4 m st (Figure 3d). U;o decreased to a normal range within 1 to 2 days after each typhoon
event. The air-sea CO, flux was mostly below 10 mmol C m~? day_1 outside TEPs (Figure 3e). The mean CO,
flux during the entire study period was 4.6 + 4.2 (n = 2,020) mmol C m™~2 day~". However, the mean flux
during TEPs was 12.3 + 6.7 (n = 166), with the highest flux of 41.7 + 3.4 mmol C m™~* day ™" occurring during
Typhoon T1305 (Figure 3e).

3.2. Effects of Typhoons on pCO,

The buoy data revealed significant variations in pCO, at time scales ranging from hours to months. The most
pronounced temporal changes in pCO, were associated with the passage of typhoons. Three typhoons
passed the area near the buoy from June to August 2013, all significantly impacting pCO, and CO, fluxes
(Figures 1 and 3). The three typhoons affected pCO, in similar and contrasting ways, which are detailed
in the following sections.

3.2.1. Typhoon Bebinca (T1305, 21-24 June 2013)

Typhoon Bebinca (T1305) formed in the central SCS on 20 June and passed south of the buoy site on 21 June
(Figure 1). The nearest distance between the typhoon center and the buoy site was ~69 km (Table 1). On 19-
20 June, before the passage T1305, U;q was low (%3C m s7h), and pCO, and SST had clear diel cycles
(Figure 4a). The values of pCO, and SST had an afternoon maximum occurring between 14:00 and 15:00
of ~450 patm and ~31°C, respectively, and a morning minimum occurring between 7:00 and 9:00 of
~437 patm and ~30°C, respectively. The surface heating and cooling were prominent over a diel cycle.
The daily pCO, cycle closely followed the daily temperature cycle (Figure 4a). After removing the tempera-
ture effect, n-pCO, showed little diel variation before the TEP, indicating that temperature was indeed the
major driver of surface pCO, variations before Typhoon T1305. Uy, also had a diel cycle before the typhoon,
with the minimum occurring between 8:00 and 9:00 and the maximum occurring around 0:00, and with a
range of 0-6 m s~ (Figure 4b).

The TEP of Typhoon T1305 started in the afternoon of 20 June (Figure 4a). During the TEP, U;q increased
from 5.9 m s~ to a maximum of 19.4 m s~ in 27 hr, while SST and pCO, decreased by ~1.2°C and
~20 patm simultaneously with minimal changes in n-pCO, (Figure 4a). The typhoon thus had a pronounced
cooling effect, which primarily caused the decrease of pCO, (Koch et al., 2009). Thereafter, U, decreased
from its maximum to about 8 m s™* in 12 hr. During this period, SST and pCO, continued to decrease, while
n-pCO, showed a slight increase of ~5 patm. Immediately after the passage of this typhoon, on 23 June, U;q
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Table 1
Summary Information of Three Typhoons in the Study

Radius of maximum wind speed ‘Wind speed
. Min Mean Max Min Mean Max .
Date passing The nearest distance

Typhoon through the SCS (km) (m s_l) to the buoy (km)
T1305 Bebinca 20 Jun to 23 Jun 83 90 93 10.3 13.8 18.0 69
T1306 Rumbia 29 Jun to 2 Jul 19 62 83 18.0 24.1 36.0 251
T1309 Jebi 31 Jul to 3 Aug 37 70 111 15.4 22.3 30.9 382

Note. Radius of maximum wind speed is the distance between the typhoon center and the location of maximum wind.

still fluctuated around 9 m s™*, while n-pCO, recovered to the pretyphoon value. Neither SST nor pCO,
recovered to the pretyphoon levels on 19 and 20 June (Figure 4a).

Interestingly, the typhoon seemed to have a three-step effect (Figures 4a and 4b). The first step was mainly to
lower the surface temperature, and thus surface pCO,, with limited changes in n-pCO, (Figure 4a). In the
second step, surface temperature and pCO, continued to decrease while n-pCO, was elevated. Thereafter,
in the third step, n-pCO, decreased while temperature increased and in situ pCO, changed little. The plau-
sible mechanisms of these changes may be the following: (1) As the typhoon moved into the area of the buoy,
it caused surface water cooling, which in turn caused surface pCO, to decrease while n-pCO, changed little.
(2) In the second step, water with relatively high CO, concentration was brought up from depth through ver-
tical mixing and the surface water was continuous cooled. The cooling effect on pCO, probably exceeded the
effect of the mixing and caused a net decrease of pCO,. However, the vertical mixing seemed to elevate
n-pCO, in the second step (Figure 4a). (3) In the third step, n-pCO, decreased, likely due to biological uptake
stimulated by the nutrient supply from deep water. Meanwhile, pCO, changed little as a result of the balance
between SST increase and biological activity. Unfortunately, no chlorophyll or fluorescence measurements
were acquired during the typhoon periods, and satellite data were not available during these periods due to
cloud coverage. However, the above interpretation is consistent with the observations, and explanations,
from similar studies in the North Pacific and North Atlantic (Hood et al., 2001; Nemoto et al., 2009).

After the passage of T1305, pCO, was consistently more than 25 patm lower than pretyphoon values. This
pCO, decrease was accompanied by an SST decrease of 1.5°C. By calculation, this cooling effect alone corre-
sponds to a pCO, decrease of 26 patm, consistent with the observed pCO, decrease seen before and after the
typhoon.

3.2.2. Typhoon Rumbia (T1306, 30 June to 3 July 2013)

The second typhoon, Typhoon Rumbia (T1306), entered the SCS on 30 June. Its center passed south of the
buoy at a nearest distance of 251 km (Table 1). Before the passage of T1306, pCO, varied between 415 and
430 patm and SST ranged from 28.92 to 29.74°C (Figures 4c and 4d). The diel cycles of SST and pCO,
observed prior to T1306 were similar to those seen before T1305, while n-pCO, again varied little
(Figure 4c). This typhoon also produced a three-step effect in pCO, during its TEP. First, U, started increas-
ing in the middle of June 30 (Figure 4d). Within 17 hr (first step), pCO, and SST decreased by 9 patm and
0.65°C, respectively, while n-pCO, showed little change (Figure 4c). After U, reached its maximum value
(15.3m s~ ") around 9:00 on 1 July (start of the second step), SST continued to decrease, while n-pCO, started
to increase. However, pCO, changed little until early 2 July, after which it increased and reached ~430 patm
in the latter part of 2 July. SST began to recover in the middle of 2 July. This pattern was similar to that
observed during Typhoon T1305, when cooling seemed to play a major role in controlling surface pCO, initi-
ally, and vertical mixing seemed to surpass the cooling effect later on. By 3 July, SST and pCO, had recovered
to their pretyphoon values. In the third step, n-pCO, decreased by more than 10 patm from 2 to 3 July, again
probably an indication of elevated biological activity that seemed to be more prominent than that during
Typhoon T1305.

3.2.3. Typhoon Jebi (T1309, 1-4 August 2013)

The effects of Typhoon T1309 were somewhat different from the previous two. On 30-31 July, before the pas-
sage of T1309, SST and pCO, again covaried and followed a similar diel pattern (Figure 4e). However, as
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dashed lines mark the approximate separation of the three steps during each TEP where different typhoon effects on
pCO, and n-pCO, occurred (see text).

opposed to what was observed prior to the previous two typhoons, n-pCO, also seemed to have a slight diel
cycle before Typhoon T1309, with a n-pCO, minimum at around 16:00 and a maximum around 05:00
(Figure 4e). This was opposite to the pCO, diel pattern but was consistent with effects of biological
activity in which net primary production drove n-pCO, to low values during the day while net respiration
drove n-pCO, higher at night. The diel cycle of pCO, includes combined effects of SST, biology, and other
factors, such as mixing. Before the typhoon, SST was still the major driver of surface pCO,, as both
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Figure 5. Contributions of temperature and nontemperature factors to surface

pCO, changes during Typhoons T1305 (a), T1306 (b), and T1309 (c). Each TEP
was further divided into three steps as defined in Figure 4. Temperature effect

was calculated from temperature changes between each step using temperature

factor of 0.0423°C ! (Takahashi et al., 1993). Nontemperature effect was
calculated as the residuals between total change in pCO, and change due to
temperature effect. Total effect during each TEP was calculated as the sum of
individual changes in three steps.

strongly covaried (Figure 4e). Starting on 1 August, U, increased
over 14 hr from ~7 m s™' to a maximum of 14.2 m s~ due to the
typhoon. In the next 3 days, SST and pCO, showed little diel variation
and their values slightly decreased by ~0.29°C and ~4 patm, respec-
tively. In the meantime, n-pCO, increased by ~4 patm. There was
no clear three-step effect produced by this typhoon. Because this
typhoon passed no closer than 382 km from the buoy site, much
farther than the closest approach of other two typhoons, the effects
on SST and pCO, were relatively small. On 4 August, the diel cycles
of SST and pCO, recovered but with a much larger range than before
the storm.

3.2.4. Assessments of Typhoon Effects on pCO,

Even though the proposed three-step process is tentative, further
assessments of the contributions of temperature and nontemperature
factors on changes of surface pCO, over TEPs may be helpful in sup-
porting the three-step interpretation for Typhoons T1305 and T1306
(Figure 5). Even though there was not a clear three-step effect for
Typhoon T1309 (Figure 4), we approximately categorized its three
steps based on n-pCO, for comparison: n-pCO, had little change in
the first step, and the second step started when n-pCO, started to
increase until the maximum, followed by the third step, which then
concluded at the end of TEP.

For Typhoons T1305 and T1306, it is clear that in the first step
decreasing temperature had a dominant effect on declining surface
pCO,, while nontemperature factors (i.e., physical and biological fac-
tors) had a minor effect (Figure 5). In the second step, temperature
still played an important role in changes in pCO,, but nontempera-
ture factors, presumably vertical mixing (as no previous studies or
data have suggested elevated biological activities during a cyclone),
caused the pCO, to increase significantly, with a magnitude similar
to the temperature effect. The effect of these two factors counteracted
each other, causing relatively small changes in pCO,. In the third
step, temperature increase caused the increase of pCO,, while non-
temperature factors, probably net biological uptake fueled by
nutrient-rich water from depth, caused the decrease of pCO,. The
net effect of temperature and biology in the third step caused a small
change in pCO,. Enhanced biological production was also attributed
to the decrease of pCO, in the East China Sea and North Atlantic
after typhoon passage (Hood et al., 2001; Nemoto et al., 2009). This
study suggests, however, that surface pCO, may not always decrease,
depending on the balance of warming and enhanced primary produc-

tion after typhoon passage. Overall, temperature was still likely the main factor controlling pCO, for all
typhoons, while nontemperature factors, that is, mixing and biology, might have accounted for a significant
portion of pCO, changes at times. It is also noted that vertical mixing and biology have opposite effects on
surface pCO,, and thus, the net effect of the two might vary between typhoons (Figure 5).

The magnitude of the effects of these three typhoons on surface pCO, is different (Figure 5). This is likely
related to the distance between the typhoon track and the buoy sites, as well as the typhoon intensity. The
maximum wind speed of T1305 was much lower than T1306 and T1309 (Table 1). But the radius of maximum
wind speed of T1305 was larger than T1306 and T1309 (Table 1). The nearest distance between the typhoon
track and the buoy site for T1305 was only ~69 km, much closer than the nearest distances of T1306 (~251 km)
and T1309 (~382 km). Typhoon T1305 had the greatest influence on pCO,, followed by T1306 and T1309
(Figure 5). This indicates that the distance between the typhoon track and the buoy site was much more
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CO, flux during the typhoon compared to the pretyphoon values.

important than the maximum typhoon wind speed. It is worth point-
ing out that the two buoy sites in this study were located at the north-
ern SCS slope area, which is typically oligotrophic and low in
productivity. This discussion is thus representative of the oligotrophic
part of the SCS.

3.3. Effects of Typhoons on Air-Sea CO, Fluxes

The mean air-sea CO, flux excluding TEPs in the northern SCS dur-
ing the study period was 3.9 + 3.2 mmol m™% day™", close to the
value of 3.2 + 0.3 mmol m 2 day ™' determined from summertime
field surveys measurements from offshore water in the SCS (Zhai
et al., 2013). During three TEPs, the CO, flux ranged from 3.0
(T1309) to 41.7 (T1305) mmol m~2 day ', with a mean of 11.0-
13.4 mmol m~2 day ", which was about 3 times the mean flux under
nontyphoon conditions. Generally, the air-sea CO, flux varied with
wind speed (Figure 3). The highest flux occurred on the days when
typhoons passed nearby the buoy, corresponding to the highest Uy,
(Figure 3). In contrast, the fluxes were low in May and June even
though ApCO, of those months were the highest (the maximum
value was 106 patm) of the study period. Typhoons had a minor
effect on pCO,™" (Figure 3). Typhoons affect air-sea CO, fluxes
mainly through their effects on pCO, and Uq (Figure 4). The
typhoons in this study either reduced (T1305) or only slightly chan-
ged surface ApCO, (T1306 and T1309, Figure 6a). As such, the
increase in CO, flux during typhoons resulted primarily from ele-
vated U;q (Figures 6b and 6c).

The mean CO, fluxes before, during, and after each typhoon
showed similar changes (Figure 6c). The flux was less than
4 mmol m~2 day ™" before the passage of each typhoon. The overall
mean CO, flux was only 2.9 + 0.5 mmol m~> day ' before the
typhoons passage (determined over a period of time before each
TEP with a length of thevIEP). However, the overall mean
increased to 12.2 + 1.2 mmol m~2 day™" during TEPs (Figure 6c).
After typhoons, it decreased to 3.5 + 2.0 mmol m™2 day " (deter-
mined over a period of time following the TEP of length of the
TEP), which was slightly higher than the values before typhoons.
Mean CO, flux during TEPs amounted to 3.6 to 5.4 times pretyphoon
values (Figure 6c), corresponding to a 1.9-2.7-fold increase in Ujq

from pretyphoon values. Overall, all three typhoons dramatically increased the magnitude of CO, efflux.

During each TEP, the maximum decrease of pCO, (maximum pCO, — minimum pCO,) was 32 patm for
T1305, 11 patm for T1306, and 3 patm for T1309 (Figure 4). A strong linear correlation was seen between
ApCO, and the minimum distance between the typhoon center and the buoy site (Figure 7). The surface
CO, flux increase factor (the multiples of the mean CO, flux during TEP compared to the values before
TEP) (Figure 6¢) was also strongly correlated with the nearest distance to typhoon (Figure 7). The increase
factor was not likely related to the strength of the typhoon, as all three typhoons were classified as tropical
storms and were of similar intensity. Our results thus indicate that the effect of typhoons on CO, flux varies
spatially, although additional studies are needed to fully assess this spatial variation.

In this study, the TEP lasted 75, 65 and 57 hr for Typhoons T1305, T1306, and T1309, respectively, totaling
197 hr, only 9% of the 94-day study period. The cumulative CO, efflux during the study period (Figure 8)
shows significant influence of typhoons on the total CO, flux, which amounted to 429 mmol m~2 to the
atmosphere over the 94 days. The cumulative CO, flux was 41, 26, and 28 mmol m~2 during T1305,
T1306, and T1309, respectively. These totaled to 95 mmol m™2, which equals 22% of the total CO, efflux

YU ET AL.

11 of 16



Ay

N\\JI Journal of Geophysical Research: Oceans 10.1029/2020JC016258
AND SPACE SCIENCE
6 T1305 T1306 T1309 r 36 during the study period cited above. Zhai et al., 2013 estimated that
" z the annual air-sea CO, flux was 460 + 430 mmol m~2 year™" in the
% 51 = 0.0088x+5.7327 30 g northern SCS. This estimate was based on multiple underway surveys
£, =0.9754 Lo £ but did not consider the effect of typhoons on CO, flux. The CO, flux
E it of these three typhoons correspondingly accounted for 21 + 22% of
% 3 18 _‘E the annual air-sea CO, flux estimated by Zhai et al.
g 5 L1 % The relative contribution of three typhoons to the total CO, flux
E y=-0.941x+37.347 2 (22%) in this study was not as high as the effect of cyclones in the
€19 o comx r'=0.9748 -6 8" East China Sea (60%) (Nemoto et al., 2009) and the Sargasso Sea
O pCO, & (44%) (Bates et al., 1998). However, the magnitude of their contribu-
0 ; T T T 0 tion (95 mmol m™~?) was comparable to that of three typhoons in the
0 100 200 300 400 500

The nearest distance between typhoon center and buoy site (km)

Figure 7. The nearest distance between three typhoon centers and the buoy site

versus surface pCO, decrease and CO, flux increase factors (Figure 6¢c) during
TEPs.

East China Sea (90 mmol m™2) (Nemoto et al., 2009). The CO, flux
during the East China Sea typhoons constituted a larger fraction of
the total flux because of the relatively small efflux of CO, flux from
the East Chain Sea in the warm season (150 mmol m™? from
mid-July through mid-September, when that area acted as a CO,
source). In the Sargasso Sea, three hurricanes contributed

145 mmol m ™2 CO, flux from ocean to atmosphere, based on shipboard observations before and after the
storms passed (Bates et al., 1998). Typhoons or hurricanes in the above study areas all increased CO, efflux.
Although each storm is unique and can generate different effects on surface pCO, and CO, flux, all of the
above studies found that the storm effect accounted for a significant portion of the total CO, flux during

the study periods.

3.4. Interannual Variations of Typhoon's Impact on Air-Sea CO, Flux

Both the current study (Figure 3) and previous studies (Bates et al., 1998; Nemoto et al., 2009) indicate that
air-sea CO, fluxes are mostly controlled by wind speeds, while the effect of the air-sea CO, gradient (ApCO,)
is secondary during tropical cyclones. This provides the capacity to estimate the interannual variability of the
impact of typhoons on air-sea CO, flux in the northern SCS using only long-term wind and SST data pro-
ducts. Herein, to estimate a 10-year (2008-2018) time series of CO, flux near the buoy locations during
TEPs, we used the long-term U;o and SST data from two well-established data repositories. The Uj, data
were extracted from the National Centers for Environmental Prediction (NCEP, https://www.ncep.noaa.
gov) reanalysis data base. We utilized the Uy, series (6-hr interval) from the NCEP grid cell encompassing
the buoy locations, with its center 75 km from the centroid of the buoys. The U, series from this cell aligns
closely with U series derived from buoy measurements, capturing the primary temporal trends as well as
the signal of the three principal typhoons (Figure 3d), although the strong winds of Typhoon T1305 appear in
the NCEP series two days after they are seen in the in situ measurements. The SST data were obtained from
the National Oceanic and Atmospheric Administration (NOAA) Earth Systems Research Laboratory (ERSL,
https://www.esrl.noaa.gov/) daily averaged, optimally interpolated SST data base. The SST series from the
0.25° x 0.25° cell with the center closest (within 35 km) to the buoys' centroid was employed in the flux cal-
culation. The SST series was first interpolated to the times of the U;q series. The ERSL SST series aligns well
with the measured SSTs, although it does not capture the high-frequency (periods of a day or less) variability

of the measured series (Figure 3b).

In modeling air-sea CO, flux during all TEPs with the 10-year SST and U,, series described above, we
assumed an air-sea ApCO, of 44 patm, which is equal to the mean ApCO, determined during the TEPs of
our study (7 patm, SD). To estimate the yearly total CO, flux associated with the passage of typhoons,
the yearly number of typhoons traversing the SCS was determined from the JTWC track data and the annual
total TEP was calculated from the U, data (section 2.3). For comparison, the modeled total CO, flux during

three TEPs in 2013 was 105 mmol m™

2 which gave a difference of ~10% compared to the in situ measure-

ments in this study (95 mmol m~2). This suggests that our method of estimating CO, fluxes during TEPs

is reasonable.

The estimates of the total accumulated annual air-sea CO, flux during the TEPs show considerable interann-
ual variation, ranging from 104 to 259 mmol m~2 (164 mmol m™2 on average) (Figure 9d). Much of this
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series of pCO, and Ujg and thus in the calculated CO, flux. We linearly
interpolated the data to fill the gaps in order to calculate cumulative flux.

variation is due to the interannual variation in total TEP, U;(, and the
number of typhoons (i.e., typhoon frequency) traversing the SCS. It is
worth noting that no single factor among these has a dominant effect
on CO, flux during TEPs (Figure 9). Locally, CO, efflux increases
with the number of typhoons (Koch et al., 2009). Over 2008-2018,
three to seven typhoons passed over the northern SCS annually
(Figure 9a), while the annual total TEP associated with these
typhoons ranged between 174 and 402 hr (Figure 9c). The annual
averaged Uy, during TEPs ranged between 9.6 and 13.8 m s '
(11.9 m s~ ! on average, Figure 9b), which was comparable to that
observed on the buoy. Typhoon-enhanced air-sea CO, flux was high-
est in 2013 (Figure 9d), which had both higher U, and total TEP.

Overall, the impact of typhoons in the northern SCS is shown to be
significant relative to annual CO, fluxes and highly variable interan-
nually. The above yearly estimated fluxes during the TEPs account
for 23-56% (36% on average, Figure 9d) of the annual CO, flux
(460 mmol m™2, Zhai et al., 2013) from the northern SCS, while only

2.0-4.6% of time was categorized as TEP. The contribution of typhoons to annual air-sea CO, flux in most
years of the last decade was between 30% and 45% (with the exceptions of 2013, ~56%, and 2014, ~23%) with-
out an apparent long-term trend. Such large variability caused by typhoon's effects likely exerts an important
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Figure 9. Interannual variability (2008-2018) of (a) number of typhoons traversing the northern SCS, (b) annual mean
Uy during the TEPs, (c) the annual total TEP, and (d) the total accumulated air-sea CO, flux during the TEPs
of each year (the left vertical axis represents the total values, and the right denotes the relative contribution to the annual

total CO, flux).
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control on interannual variability of the annual CO, flux budget in the region, as it is generally larger than
the seasonal variability of CO, flux (Figure 3). As such, typhoons may play a major role of affecting air-sea
CO, flux from the SCS over both short and long terms.

4. Conclusions

This study conducted an in-depth analysis on the effects of typhoons on surface pCO, and CO, fluxes in the
northern SCS, the largest tropical marginal sea in the world. During the entire study period from May to
August 2013, the study region was a source of CO, to the atmosphere. Under nontyphoon conditions, tem-
perature generally played a primary role in controlling surface water pCO,, including its daily cycle, while
biological and physical effects were secondary, consistent with the study area as an oligotrophic tropical
shelf region.

The study site was affected by three major typhoons during the study period. Their effects were reflected in
both surface pCO, and CO, fluxes. The typhoons seemed to have a three-step impact on surface pCO,, where
the first step at the beginning period of a typhoon was to lower SST thus surface pCO, and the second step
likely resulted from vertical mixing that brought up water with high CO, concentrations from depth. In the
third step, this water, enriched in CO, and nutrients, likely triggered net biological CO, uptake that lowered
surface pCO,. Although temperature continued to play an important role in controlling surface pCO, during
typhoon periods, mixing and biology seem to exert significant impacts on pCO, at times. Such a proposed
multistep process is consistent with studies in other regions, although more detailed studies are required
to further examine the mechanisms controlling changes in surface pCO,.

The typhoons' effect on air-sea CO, flux occurred mainly through increased U, and thus greater CO, efflux,
during each typhoon. The mean CO, flux during a typhoon observed in this study reached 3.6 to 5.4 times
the pretyphoon mean flux. The magnitude of the typhoon effect was strongly correlated with the distance
to typhoon center. The typhoon effect translated to about 22% of the total CO, flux during the study period,
which was influenced by typhoons only 9% of the time. A long-term analysis revealed that the effect of
typhoons accounted for 23-56% of the annual air-sea CO, efflux in the northern SCS during the last decade
(2008-2018), indicating that typhoons substantially enhanced the flux of CO, to the atmosphere. Typhoons
and other tropical cyclones thus likely play a major role in determining the annual CO, fluxes both in the
short and long terms in the SCS and beyond. These results support the prediction that tropical cyclones will
play an increasingly important role in controlling air-sea CO, fluxes in a warmer and stormier ocean.

Data Availability Statement
The data in this study are available online (at https://figshare.com/s/b9fa471ebd38442ca0ff).
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