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Near-surface ocean temperature
and air-sea heat flux observed by
a buoy array during summer to
autumn in year 2014 in the
northern South China Sea
Zixi Wu1 and Han Zhang1,2,3*

1State Key Laboratory of Satellite Ocean Environment Dynamics, Second Institute of Oceanography,
Ministry of Natural Resources, Hangzhou, China, 2Southern Marine Science and Engineering
Guangdong Laboratory, Zhuhai, China, 3State Key Laboratory of Marine Environmental Science,
Xiamen University, Xiamen, China
The observational data of the air-sea interface and upper ocean elements from a

buoy array deployed in the northern South China Sea from June to November

2014 is analyzed. The COARE 3.0 algorithm was adopted to examine the

variability of air-sea heat fluxes and their contributions to near-surface ocean

temperature changes. During the observation period, air-sea heat exchange in

the northern South China Sea is primarily determined by solar shortwave

radiation and latent heat flux, with net heat flux mostly negative, indicating that

the ocean predominantly loses heat. In autumn, net heat flux loss significantly

increased by an average of 34.4 W/m2, primarily due to enhanced latent heat loss

driven by stronger winter monsoon. During typhoon period, net air-sea heat flux

was significantly suppressed, mainly due to reduced solar shortwave radiation,

with minimal contribution from sensible heat flux. Near-surface ocean

temperature exhibited a seasonal cooling trend, averaging 29.7°C in summer

and 28.4°C in autumn. The maximum cooling during typhoon reached 3.1°C,

with minimal contribution from air-sea heat flux. During the monsoon transition

period, weaker winds led to a slight increase in near-surface ocean temperature,

with air-sea heat flux contributing 70.2% and 56.3% to this process. During winter

monsoon, more uniform water column mixing resulted in a gradual decrease

in near-surface ocean temperature, with air-sea heat flux contributing over 60%

to this process.
KEYWORDS

air-sea heat flux, heat content, sea surface temperature, mixing layer,
seasonal variability
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1 Introduction

The oceans, covering 71% of the Earth’s surface, play a crucial

role in the complex forcing and feedback processes with the

atmosphere. The air-sea interface serves as the sole conduit for

these interactions. The exchange of fluxes at the air-sea interface

significantly impact the large-scale coupled atmosphere-ocean

dynamical system, influencing the structure between the

atmospheric boundary layer and the surface ocean, which in turn

affects atmospheric circulation and contributes to climate change

on different scales. Air-sea flux involves three main processes:

momentum exchange, heat flux exchange, and material exchange.

The air-sea heat flux consists of solar shortwave radiation (SW),

infrared longwave radiation flux (LW), latent heat flux (LH), and

sensible heat flux (SH) (Ma et al., 2015; Hsu et al., 2022). The sum of

these fluxes is the net heat flux (Qnet) at the sea surface.

Understanding air-sea heat flux is essential for comprehending

air-sea interactions and climate variabilities.

The South China Sea (SCS) (0°-23°N, 99°-121°E) is located in

the western Pacific Ocean and features a typical monsoon climate.

Differences in LH between the southern and northern regions of the

SCS are closely related to the East Asian monsoon (Wang et al.,

2008). The seasonal variation of the sea surface heat flux in the SCS

is pronounced, with a peak-to-peak amplitude ranging from 100 to

300 Wm2, and the amplitude is larger in the northern region

(Oberhuber, 1988). Using ship-based observational data from the

northern SCS (NSCS), it was found that Qnet is positive in spring

and summer (SU), indicating heat absorption in the NSCS region,

with SW playing the dominant role (Zhang et al., 2012). In autumn

(AU) and winter, Qnet is negative in most observation areas,

indicating heat loss in the NSCS region, with LH being dominant.

Net surface heating mainly results from the compensation between

SW heating and LH and LW cooling, with SH being negligible

(Chen et al., 2003; Zhang et al., 2012).

Furthermore, the SCS is prone to tropical cyclones (TCs). The

TC process involves complex exchanges of momentum and heat

between the ocean and atmosphere (Cheng et al., 2015; Potter et al.,

2017). Positive sea surface temperature (SST) anomalies can lead to

nearly a 300% increase in air-sea heat fluxes, providing an energy

source for the rapid intensification of a TC within a short time (Lin

et al., 2009). During the TC period, Qnet is significantly suppressed,

with a possible variation range of up to 695 W/m2 (Song et al.,

2021). In the TC wake region, both LH and SH at the air-sea

interface decrease (Bender et al., 1993; Zhu et al., 2004; Zhang,

2023), leading to the suppression of clouds and precipitation (Ma

et al., 2020; Pasquero et al., 2021). The eddies generated by TCs play

an important role in the transport of water masses and heat (Volkov

et al., 2008; Zhang et al., 2014). The sea spray generated by the

strong winds under TC weather conditions also affects the exchange

of air-sea heat fluxes (Li, 2004). For instance, sea spray extracts LH

from the atmosphere and evaporates, leading to cooling of the

near-surface atmospheric layer. This cooling enhances sensible heat

transfer from the ocean to the atmosphere, ultimately contributing

to the intensification of the TC (Andreas and Emanuel, 2001).

Therefore, accurately understanding the changes in air-sea heat
Frontiers in Marine Science 02
fluxes related to TCs is of great importance (Lin et al., 2009; Zhang

et al., 2021).

Global air-sea heat flux data are mainly derived from reanalysis,

satellite data, and estimates calculated from Voluntary Observing

Ship (VOS) data based on integral parameterizations. However,

reanalysis data depend on not only the parameterization used in the

atmospheric model but also on the meteorological parameters

(primarily cloud cover) and model diagnostics, and the cloud

cover data may contain significant errors (Dobson and Smith,

1988; Bedacht et al., 2007). Furthermore, there are large

discrepancies in the global ocean-atmosphere fluxes among

different heat flux products (Yu, 2019). Satellite data also have

errors and their accuracy needs to be improved. Determining air

humidity and temperature at a fixed height above the ocean surface

still requires technical improvements (Simonot et al., 1989). Some

datasets use air temperature (SAT) from reanalysis products instead

of satellite-derived SAT, while others use a constant surface-air

temperature difference from HOAPS (Andersson et al., 2010). In

regions such as the tropical Indian Ocean and the Southern Ocean,

VOSs are infrequent, and the data sampling density can also

affect the accuracy of flux estimates. In-situ observational data are

key to constraining studies of ocean-atmosphere interactions in

the SCS. Due to offshore observational limitations, it is challenging

to obtain long time series and high-resolution data. Additionally,

harsh weather conditions during TCs pose significant challenges

for monitoring, leading to limited observational data on

ocean-atmosphere interactions throughout the entire TC process.

The processes that affect the temperature changes in the upper

ocean include horizontal advection, vertical turbulent mixing,

entrainment, and air-sea heat flux exchange. However, the

contribution of air-sea heat flux to the changes in upper ocean

temperature has been less studied, especially in the absence of in-

situ observations of air-sea heat flux. The SCS lacks observation

equipment, and direct observations of the air-sea interface elements

are scarce, making it difficult to obtain long time series and high-

resolution heat flux data. Does the air-sea heat flux in the NCSC

contribute significantly to the changes in near-surface ocean

temperature (NSOT)? To answer this question, this study used

in-situ buoy observation data from June to November 2014 to

analyze the characteristics of air-sea heat flux under different

weather conditions (summer monsoon, autumn part of the winter

monsoon, and two TCs that passed through the buoy array during

the observation period), which provides a basis for further

investigating the contribution of air-sea heat flux to the changes

in NSOT.

Through the deployment of a buoy array in the northern SCS,

we obtained six-month-long time-series heat flux data, which are

valuable for studying air-sea interactions. The remaining sections of

this paper are organized as follows: Section 2 describes the data and

methodology used to calculate air-sea heat fluxes and analyze the

associated parameters. Section 3 first discusses changes in the

elements of the air-sea interface during the observation period,

characterizes corresponding changes in the air-sea heat flux, and

finally describes changes in NSOT. Section 4 provides a summary

and discussion.
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2 Data and methods

2.1 Buoy data

The cross-shaped observation array used in this study was

deployed in the NSCS and consists of five deep-sea buoys and

four deep-sea moorings (Figure 1; Table 1). At station 1, a series of

SeaBird recorders was lost, resulting in missing temperature data.

On September 15th, during the early morning hours UTC time, TC

Kalmaegi snapped the wire rope of buoy 3, then buoy 3 drifted

away. Additionally, stations 2 and 5 only captured data during TC

Kalmaegi. Station 2 consists of one buoy and one mooring,

recording relative humidity (RH), SAT, sea level pressure (Pa),

SST, wind speed (WS), and rainfall (Table 2). Stations 1, 4, and 5

have a similar setup, with station 2 collecting atmospheric data at

12-minute intervals. The data were transmitted in real-time via

satellite to a shore-based data center for processing and analysis.

The accuracy and stability of the buoy data were ensured through

regular calibration and maintenance. Air-sea heat fluxes were

calculated using data from the air-sea interface elements observed

over the six-month period from June to November 2014. The

analysis revealed the characteristics of the changes in SST, NSOT,

and air-sea heat fluxes during the observation period, along with

their relationships with the air-sea interface elements.
2.2 Typhoon data

Two TCs passed through the buoy array during the observation

period: TC Rammasun and TC Kalmaegi (Figure 1). Information on

their tracks and intensities was obtained from the ChinaMeteorological

Administration (CMA, http://tcdata.typhoon.gov.cn) (Ying et al.,
Frontiers in Marine Science 03
2014; Lu et al., 2021). All data in this paper are recorded in UTC

with a time resolution of 6 hours. The near-center maximumWS of

the TCs in the dataset is considered as the average of the 2-minute

near-center maximumWS. TC Rammasun formed over the western

Pacific Ocean, east of the Philippines on July 10, 2014. By 12:00

UTC on July 15, it intensified to super typhoon. On July 16, TC

Rammasun entered the SCS, and after 06:00 UTC on that day, the

maximum WS at the center of TC Rammasun continued to

increase. From July 16 to July 18, TC Rammasun underwent

rapid intensification, transitioning from the typhoon level to the

super typhoon level. TC Rammasun passed through the observing

array from 18:00 UTC on July 16 to 18:00 UTC on July 17. TC

Kalmaegi formed over the northwest Pacific Ocean, east of the

Philippines on September 12. By 17:00 UTC on September 13, it

had strengthened to the typhoon level. On the morning of

September 15, TC Kalmaegi entered the northeastern part of the

SCS and passed through the observational array. By 18:00 UTC on

the same day, it further intensified to be strong typhoon.
2.3 Other data

The sea-level atmospheric pressure data for the average pressure

field is sourced from the European Centre for Medium-RangeWeather

Forecasts (ECMWF, https://cds.climate.copernicus.eu). The sea-level

atmospheric pressure data has a temporal resolution of 1 hour and a

spatial resolution of 0.25° × 0.25°. The sea-level pressure of the two

TCs passing through the observation array was averaged, and the

average pressure field was plotted. The cloud cover data for

calculating SW were obtained from the National Centers for

Environmental Prediction (NCEP, http://www.esrl.noaa.gov/psd/

data/gridded/data.ncep.reanalysis.html) reanalysis product.
FIGURE 1

Buoy array and TCs track. Figures (A, B) represent the tracks of TC Rammasun and Kalmaegi respectively. The background is the mean sea level
pressure field as it passes through the observational array. The white lines represent the tracks of the TCs, and the black points represent the
positions of the TCs sampling time point. The locations of the five observation stations are indicated by red dots, and the station with no observation
data is indicated by a hollow. The yellow color is the floating track of buoy 3 after it disconnects.
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2.4 Method of air-sea heat flux calculation

The Qnet consists of four components:

QNET=QSW+QLW+QLH+QSH (1)

Where QSW is the net downward SW, QLW  is the net LW, QLH

is the LH, QSH is the SH. Positive values denote that the ocean is

receiving heat.

QSW= QS*(1−a) (2)

QLW= QLd−QLu (3)

QLu= e ss (SST)4+(1−e s)QLd (4)

Where QS is the incoming solar radiation directly measured

from the buoy, a is the surface albedo, QLd is the observed

downward LW, QLu is the upward LW, es is the surface

emissivity, which is dependent on temperature and wavelength, s
is the Stefan–Boltzmann constant.
Frontiers in Marine Science 04
The advanced Coupled Ocean-Atmosphere Response

Experiment version 3.0 (COARE3.0) is used to estimate SH

and LH (Fairall et al., 2003). The algorithm calculates the SH

and LH as follows:

QLH= rLecEDqUZ (5)

QSH= rcpcHDTUZ (6)

Where r is the density of air, Le is the LH of evaporation, cp is

thespecific heat capacity of air, cE and cH is the turbulent exchange

coefficients for the LH and SH respectively,UZ is theWS at the height

of 2m, DT and Dq is the air-sea temperature and humidity difference.
3 Results

3.1 Air-sea interface elements

According to Figures 2, 3D, I, During the observation period,

the WS was mainly concentrated between 2 m/s-9 m/s, and overall

exhibited a trend of gradual increase as the season became colder.
FIGURE 2

Time series plots of observed air-sea interface elements at Station 1 (A–E) and 2 (F–J). (B–G) stand for specific air humidity at a height of 4m (red)
and specific humidity at sea surface (blue). The orange shaded areas indicate the time of the two TCs passing through the observation array. TC
Rammasun is from 18:00 on July 16 to 12:00 on July 17; TC Kalmaegi is from 0:00 on September 15 to 12:00 on September 15.
TABLE 1 Station location and water depth.

Station
Latitude

(°N)
Longitude

(°E)
Water

Depth(m)

1 116.0 19.7 1630

2 115.5 18.2 3840

3 116.5 18.7 3605

4 117.5 19.5 3690

5 117.0 17.7 3990
TABLE 2 Information on the observed variables and associated
instruments on the buoy.

Instruments Parameter
Resolution

(min)
Designed
depth (m)

Meterology RH, Rain 60 4

200WX WS, SAT, Pa 60 4

SBE-37 SST 2 0
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The maximum WS and the trend of WS changes were basically

consistent, with the maximum WS occurring accompanied by an

increase in overall WS. Excluding the abnormal increase in WS

during TCs, the minimum WS generally occurred in SU, and the

maximum WS occurred in AU. From June 19 to August 15, under

the influence of summer monsoon, southwesterly winds prevail in

the NSCS, and the average cloud cover observed at stations 1 and 2

is 69.42%, with an average RH of 79.56%. Summer monsoon seems

to end on September 23, and the wind gradually transitions to a

northeasterly direction around September 27, and overall WS

increase and the WS fluctuations become relatively small

afterward. For example, the average WS observed at station 2

during the prevalence of summer monsoon and winter monsoon

is 5.9 m/s and 7.4 m/s, respectively. During the passage of a TC, the

WS near the observation points obviously increases. During the

passage of TC Rammasun, the WS at station 2 rapidly increased

from 0.9 m/s to 27.5 m/s. During the passage of TC Kalmaegi,

stations 2 and 5 exhibited a bimodal WS pattern, which is likely due

to their proximity to the TC’s eye (Zhang et al., 2016). As TC moves

away from the observation area, the WS gradually decreases and the

wind direction gradually turns to southerly. It is worth noting that,

station 1 is farther from the TC’s path (Figure 1), yet the WS is

larger than that of station 5, possibly due to the asymmetric WS

distribution and the fact that station 1 is on the right side of the TC’s

path (Tamizi et al., 2020). Additionally, the WS increased and the

wind direction changed dramatically at stations 1 and 4 around

August 18 and at all four stations around September 6, which may

be related to the tropical low-pressure system near the buoy array.

The WS at stations 2, 4, and 5 increased around September 20,

possibly due to the occurrence of a tropical depression about 157.8
Frontiers in Marine Science 05
km to the right of stations 4 and 5, and the presence of a strong

tropical storm ‘Fung-wong’ about 247 km away.

According to Figures 2, 3A, F, during the observation period, the

cloud cover was generally higher in SU than in AU, but the seasonal

difference was relatively small (Table 3). The maximum cloud cover

occurred in August, and the minimum occurred in September. The

cloud cover exhibited a significant diurnal cycle, reaching its daily

maximum value between 13:00 UTC and 15:00 UTC on that day.

Under the influence of summer monsoon, from July 30 to August 14,

the cloud cover at all stations was above 81%, corresponding to high

RH and low SAT. During the period from September 23 to September

27, which is the monsoon transition period, the overall cloud cover

decreased. After gradually transitioning to winter monsoon, the cloud

cover gradually increased. During TC periods, the cloud cover

increased significantly, with the cloud cover increased from 51.1%

to 85.7% during TC Rammasun, and the cloud cover at station 2

increased from 39.4% to 87.2%, and the cloud cover at station 4

increased from 39.2% to 87.5% during TC Kalmaegi. Throughout the

TC period, the cloud cover was generally above 75%. As the TCmoved

away from the observation array, the cloud cover gradually recovered.

The SCS is a region of high SST, and the minimum area-averaged

SST in February from 1979 to 1999 was 25.9°C (Chen et al., 2003).

According to Figures 2, 3C, H, During the observation period, the RH

generally ranged between 77.6% and 82.8%without significant seasonal

variation (Table 3). At station 2, the average RH was 78.1% during

summer monsoon and 75.4% during winter monsoon periods. During

winter monsoon period, the diurnal variation of RH was relatively

small. During the passage of TCs, RH increased significantly.

Specifically, during the passage of TC Kalmaegi, station 4 recorded a

maximum RH increase of 25.7%.
FIGURE 3

Same to Figure 2 but for Station 4 and 5.
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3.2 Air-sea heat fluxes

The turbulent heat flux includes SH and LH. SH refers to the

heat exchange between the ocean and the atmosphere due to

temperature changes, while LH refers to the water vapor heat

exchange between the ocean and the atmosphere, which is closely

related to sea surface evaporation and SST. In tropical oceans, LH

primarily balances the incoming solar radiation to achieve heat

balance at the ocean surface (Cayan, 1992; Carton and Zhou, 1997).

The radiation flux includes SW and LW. The reduction in

downward SW is a primary factor leading to SST cooling, with

the cloud layer being the main physical factor limiting the

downward solar radiation flux (Cess et al., 1993; McFarlane et al.,

2008; Lubin and Vogelmann, 2011; Liu et al., 2023). Specific

calculation method (Equations 1–6).

In the air-sea interaction processes, the upper ocean can provide

heat to the atmosphere by regulating the humidity and temperature

differences between the sea and the air (Figures 4, 5). During the

observation period, LH values were negative, and SH was mainly
Frontiers in Marine Science 06
negative (defined as the atmosphere gaining heat from the ocean,

i.e., the ocean losing heat), indicating that the ocean mainly loses

heat. All stations showed that LH was much larger than SH,

indicating that the turbulent heat flux was dominated by LH loss,

consistent with previous studies (Park et al., 2005; Andreas et al.,

2013). During winter monsoon period, the NSCS was under control

of the strong cold northeast airflow, leading to increased WS. The

air-sea humidity and temperature differences also increased,

resulting in greater turbulent heat losses in AU compared to SU

(Table 4). Over the observation period, the trend of LH change

aligned well with WS changes, consistent with LH being primarily

influenced by WS during high SST periods (Zhang and Mcphaden,

1995). Previous studies have also shown that in the SCS region, LH

is primarily influenced by WS rather than the air-sea humidity

difference (Chen et al., 2003; Zeng and Wang, 2009). During the

observation period, SH variation was smaller than LH, but its

diurnal variation trend was more pronounced, reaching its

maximum value around 10:00 UTC to 3:00 UTC of the day and

showing fluctuating changes. After sunset, SAT decreased faster

than SST, and the air-sea temperature difference decreased, leading

to a decrease in SH. Additionally, precipitation during summer

monsoon period can increase SH, with all four stations showing a

good correspondence between changes in SH and RH. Moreover,

increased WS led to the presence of more sea spray droplets at the

air-sea interface. The evaporation of these sea spray droplets caused

a decrease of SAT, which increases the air-sea temperature

difference and promoted the transfer of SH from the ocean to the

atmosphere. During TC periods, the sea surface mixing was

enhanced due to increased WS, leading to a significant increase in

turbulent heat flux, and LH was significantly greater than SH. For

example, during TC Rammasun, LH rapidly increased from -121.7
FIGURE 4

Time series air-sea heat fluxes at Station 1 (A–E) and 2 (F–J). The meaning of the orange shade is the same as in Figure 2.
TABLE 3 Mean SU and AU air-sea interface elements at each station.

Station
Cloud (%)

Qs-Qa
(k/kg)

RH(%)
WS
(m/s)

SU AU SU AU SU AU SU AU

1 64.7 58.0 5.8 6.9 80.0 77.9 4.7 5.1

2 65.7 59.2 6.3 6.0 76.1 75.9 5.0 6.4

4 65.1 62.6 5.3 5.0 82.9 84.9 5.1 6.0

5 61.3 58.7 6.4 5.7 79.7 80.0 4.8 6.8
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W/m2 to -313.6 W/m2, and SH increased from -12.5 W/m2 to -70.5

W/m2; during TC Kalmaegi, the LH measured at station 4 rapidly

increased from -128.1 W/m2 to -404.6 W/m2, and SH increased

from -13.1 W/m2 to -127.1 W/m2.

According to Figures 4, 5, During the observation period, the

radiation flux exhibits a clear diurnal cycle. The decrease in SW is

well correlated with the increase in total cloud cover, with the

overall trend being higher in AU than in SU (Table 4), and the

maximum SW occurring in August and September. Changes in

meteorological elements during the southwest summer monsoon

period affect the changes in radiation flux. During summer

monsoon period, the total cloud cover decreases, the RH is high,

and the SW reaching the sea surface is generally lower. With the

arrival of winter monsoon, the SW gradually increases. At station 2,

the daily mean SW is 270.3 W/m2 during summer monsoon and

309.1 W/m2 during winter monsoon periods. During the passage of

TCs, the SW decreases significantly. For example, during the

passage of TC Rammasun, the daily maximum SW rapidly

decreases from 401.1 W/m2 to 227.8 W/m2, and during the

passage of TC Kalmaegi, the daily maximum SW rapidly

decreases from 749.3 W/m2 to 242.6 W/m2. The downwelling SW

decreases significantly, from 1690.0 W/m2 to 287.5 W/m2

(Figure 6C). Overall, the LW is higher in AU than in SU, but the

seasonal variation is not significant (Table 4). Under the influence

of summer monsoon, the increased water vapor and cloud cover

suppress the release of LW from the ocean to the atmosphere. From

Equation 4, it is known that LW is primarily influenced by SST.

During winter monsoon period and TC periods, the decreased SST

led to a reduction in the upward LW, resulting in an increase in LW

(Figure 6D). Furthermore, the increase in cloud cover and the

reduction in SW during TC passages suppress upward LW, leading

to increased LW. At station 2, the daily mean LW was -25.7 W/m2

during summer monsoon and -39.9 W/m2 during winter monsoon
Frontiers in Marine Science 07
periods. During the passage of TC Rammasun, the maximum

increase recorded at the four stations is 25.7 W/m2. Additionally,

station 3 shows that downward LW and upward LW are relatively

stable, especially downward LW, with a diurnal variation of about

1W/m2-6 W/m2.

During the observation period, the Qnet primarily results from

the cancellation between the heating effect of SW and the cooling

effect of LH and LW, while the contribution from SH is relatively

small, consistent with previous studies (Zhang et al., 2012; Song

et al., 2021). According to Figures 4, 5A, F, the calculated Qnet at

the four stations was predominantly negative, indicating that the

ocean mainly heated the atmosphere. Qnet increased by an average

of 34.4 W/m2 as the seasons transition to colder conditions,

primarily due to the stronger winter monsoon leading to an

increase in LH driven by evaporation. During the TC period,

Qnet decreased significantly. For example, during TC Rammasun,

Qnet decreased from 177.6 W/m2 to -19.6 W/m2, and during TC

Kalmaegi, Qnet at station 2 decreased from 280 W/m2 to -233.4

W/m2.
3.3 Near-surface ocean temperature

The tropical ocean receives a large amount of solar radiation

and plays an important role in influencing the Earth’s climate

system due to its huge heat capacity (Palmer and McNeall, 2014).

Air-sea heat fluxes are a major driver of seasonal temperature

variations in the mixed layer (Roberts et al., 2017). SST changes

are due to changes in heat flux and internal dynamic processes in

the ocean. On a short time scale, the ocean heat flux, especially the

net ocean heat input, is the main factor causing SST changes. The

net surface heat flux has a strong regulatory effect on the annual

average sea temperature (Alexander et al., 2000). Changes in ocean
FIGURE 5

Same to Figure 3 but for Station 4 and 5.
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heat content play an important role in regional and global climate

variability (Roberts et al., 2015).

Figures 6A, B, 7A, 8A, 9A show that during the observation

period, both SST and SAT exhibit seasonal cooling, with SST

averaging between 27°C and 30°C and SAT ranging from 26°C to

29°C. SST gradually decreases with seasonal transitions, with an

average of 29.6°C in SU and 28.5°C in AU. The air-sea temperature

difference is an important parameter characterizing the heat

exchange characteristics at the air-sea interface. The SAT is

generally lower than the SST, indicating that the ocean is

predominantly losing heat. The average air-sea temperature

difference during the observation period is 1.2°C. During winter

monsoon period, the increased wind speed leads to an

intensification of the LH, resulting in a cooling of the SST (Wu

and Chen, 2015). At station 2, the average SST is 29.4°C during

summer monsoon period and 28.9°C during winter monsoon

period. The SST begins to decrease one day before the passage of

a TC. Before the passage of TC Kalmeagi, the SST at the observation

point was 30.5°C, with the NSOT at around 26.9°C. During the TC

passage, the decrease in SAT is larger than the decrease in SST,

leading to an increased air-sea temperature difference and a greater
Frontiers in Marine Science 08
heat transfer from the ocean to the atmosphere. After the passage of

TC Kalmaegi, the SST at the observation point is 29.8°C, with the

NSOT at around 25.4°C. The maximum cooling observed at all

stations occurs 1-2 days after the TC passage, and the response of

the NSOT to the TC also exhibits a time lag, reflecting the delayed

impact of the TCs on the ocean (Wu et al., 2019). The lag is due to

the time required for the accumulation of energy transferred from

the TC to the ocean (Zhang et al., 2016). Furthermore, the cooling

amplitudes observed at stations 1 and 4 are greater than that

observed at stations 2 and 5 for both SST and NSOT, reflecting

the right-bias in the ocean’s response to TCs (Jiang et al., 2009). For

example, the SST cooling amplitude of station 1 is 0.6°C and 0.9°C

greater than that of stations 2 and 5, respectively. The cooling range

of NSOT at station 4 is 0.8°C and 1.0°C larger than that at stations 2

and 5, respectively. Furthermore, about one day after the passage of

a TC, the NSOT exhibits a pronounced diurnal variation

characteristic. The diurnal cycle of the SST is mainly influenced

by the diurnal variation of solar shortwave radiation, while the

diurnal cycle of the subsurface sea temperature shows obvious

vertical variation, which is primarily influenced by tides. After

experiencing the maximum cooling, the ocean gradually enters a
FIGURE 6

Time series of sea surface ocean and air temperature at Station 1 (A) and 3 (B), and the shortwave (C) and longwave (D) radiative flux at station 3.
TABLE 4 Mean SU and AU air-sea heat fluxes at each station.

Station
Qnet QSW QLW QLH QSH

SU FA SU FA SU FA SU FA SU FA

1 -7.8 -55.6 151.5 165.2 -44.5 -50.6 -109.2 -142.0 -9.6 -16.5

2 -23.8 -52.9 149.2 152.3 42.8 -48.1 -122.9 -149.0 -7.4 -9.3

4 -14.7 -46.5 149.9 148.6 -45.1 -45.2 -107.1 -113.8 -12.1 -17.6

5 -39.8 -68.6 154.8 153.2 -50.0 -51.0 -129.6 -155.0 -15.0 -15.9
f
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recovery period. When SAT is higher than SST, it favors the

recovery of the sea temperature. Due to the high heat capacity of

the ocean, the recovery of SST is slower than that of SAT. It is worth

noting that neither the SST nor the NSOT of TC Kalmaegi have

fully recovered to their original states, which may be influenced by

seasonal changes.
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Figures 7B, 8B, 9B show that the NSOT exhibits a clear seasonal

cooling pattern. Stations 2 and 4 both display July 31 - August 14,

with the prevailing summer monsoon in the NSCS (Figures 2J, 3J),

and the NSOT showing a cooling trend (Figures 7B, 8B). The

cumulative heat flux contributions to this cooling process measured

at stations 2 and 4 are 2.31% and 49.36%, respectively. It is
FIGURE 8

Same to Figure 7 but for Station 4.
FIGURE 7

Time series of SST difference at Station 2 (A), as well as near-surface temperature (B) and heat content anomaly and cumulative heat flux from sea
surface (C) to 50 m water depth. The heat content anomaly is the difference between the heat content array and the first value in the array.
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noteworthy that around September 22, a second cooling of the

NOST was observed, which may be related to the strong tropical

storm Fung-Wong that appeared to the right of station 4 (Zhang

et al., 2016). Subsequently, during the monsoon transition period,

the weaker wind leads to a less vigorous vertical mixing in the upper

layer, resulting in a thinner mixed layer and a slight increase in sea

temperature. The contributions of the air-sea heat flux measured at

stations 2 and 5 to the NSOT rebound process during the monsoon

transition period were 70.2% and 56.3%, respectively. Under the

influence of winter monsoon, the vertical mixing is enhanced, and

the NSOT gradually decreases, with the average temperature from

the surface to a 5-meter depth being 27.9°C. The response of the

NSOT also exhibits a time lag. Around one day after the TC passage,

the NSOT shows a pronounced negative anomaly, as the vertical

mixing is strengthened. For example, during the period of TC

Kalmaegi, the maximum near-surface cooling can reach 3.1°C. The

cumulative heat flux measured at stations 2, 4 and 5 contributed

22.7%, 13.7% and 40.1% to the NOST during the cooling process

caused by TC Kalmaegi, respectively. During TC Rammasun, the

cumulative heat flux measured at Station 4 contributed 34.4% to

the NSOT.

Figures 7C, 8C, 9C show that the trend of the heat content

anomaly and the cumulative heat flux is generally consistent, but

the heat content anomaly is more consistent with the trends of SST

and NSOT. During the observation period, the heat content

anomaly gradually accumulates, showing an overall slowly

increasing negative trend. In contrast, the heat content anomaly is

generally positive during summer monsoon period. During winter

monsoon period, the heat content anomaly is generally negative,

with the cumulative heat flux loss to the overall cooling contributing
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68.5% and 70.9% at stations 2 and 5, respectively, to the cooling of

the near-surface ocean heat content. After the TC passage, the heat

content decreases significantly, with a maximum reduction of up to

5.24×108 J/m2.
4 Summary and discussion

This study analyzes the variability characteristics of SST, NSOT,

and air-sea heat flux, as well as their relationships with relevant air-

sea interface elements, and analyzed the contributions of air-sea

heat fluxes during different periods within the observation time

period to the NSOT, using data from a mooring array deployed in

the northern SCS (12°N-24°N, 108°E-124°E) from June to

November. The results show that the Qnet is mainly negative,

indicating a net heat loss from the ocean. The LH is around 100W/

m2-130 W/m2, while the SH is around 5W/m2-15 W/m2, with LH

being much larger than SH, indicating that the turbulent heat flux is

dominated by LH loss. The Qnet loss of the ocean is mainly affected

by SW and LH. Qnet loss increases significantly in AU, averaging an

increase of 34.4W/m2. This increase is primarily due to the stronger

winter monsoon, which enhances LH loss through evaporation. The

SST decreases slowly with the seasonal changes, with an average of

29.6°C in SU and 28.5°C in AU. The NSOT exhibits a clear seasonal

cooling trend, with the upper layer (surface to 5-meter depth)

averaging 29.7°C in SU and 28.4°C in AU. During summer

monsoon, the NSOT showed a slow decrease, and the

contributions of the air-sea heat fluxes measured at stations 2 and

4 to this process were 2.31% and 49.36%, respectively. During

Typhoon Rammasun, the contribution of the air-sea heat flux
FIGURE 9

Same to Figure 7 but for Station 5.
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measured at station 4 to the significant decrease in NSOT caused by

the TC was 34.4%. During Typhoon Kalmaegi, the accumulated

heat fluxes measured at stations 2, 4, and 5 contributed 22.68%,

13.7%, and 40.1% to this process, respectively. Therefore, under TC

weather conditions, the NSOT is mainly affected by dynamic

processes. During monsoon transition period, the NSOT showed

a rebound, and the contributions of the air-sea heat fluxes measured

at stations 2 and 5 to this process were 70.2% and 56.3%,

respectively. After transition to winter monsoon, water column

mixing became more uniform. This leads to a decrease in

temperature difference between the upper and lower layers of the

near-surface decreases and an increase in mixed layer depth.

Variations of heat content anomaly are consistent with changes in

SST and NSOT. During the autumn part of winter monsoon, the

near-surface heat content exhibits a negative anomaly, with the

cumulative heat flux loss to the overall cooling, contributing 68.5%

and 70.9% at stations 2 and 5, respectively, to the overall cooling.

Therefore, the cooling of NSOT in the NSCS mainly depends on the

loss of air-sea heat flux. During the TC period, Qnet is significantly

suppressed, primarily due to the decreased SW and increased LH.

Both the SST and the NSOT decrease significantly, and they

both exhibit a lagged and right-biased response to the TC. The

maximum sea surface cooling can reach 3.4°C, and the maximum

near-surface cooling can reach 3.1°C. After TC passage, SST and

NSOT have not fully recovered to their original states, possibly due

to seasonal changes.

NSCS is mainly influenced by summer wind from June to

the end of September, and by the northeast wind from October

to November. During the summer monsoon period, the significant

difference in the contributions of the air-sea heat flux measured at

stations 2 and 4 to the NSOT suggests that other weather

phenomena had an impact on the changes in NSOT, and this

issue deserves further analysis in future work. During the monsoon

transition period, the contribution of air-sea heat flux to sea

temperature was relatively large. During winter monsoon period,

the air-sea heat flux makes a significant contribution to the heat

content. Based on the contribution of air-sea heat flux to the

changes in NSOT during the two TC periods, the changes in

NSOT are mainly influenced by the dynamic processes in the

ocean under TC weather conditions. This study provides a

quantitative description of temporal variability characteristics of

SST, NSOT, and air-sea heat flux during SU and AU based on

mooring observation data. Future studies will also describe

the spatial variability characteristics of these variables in the SCS.

The impact of different TC intensities also requires further analysis.
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