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Abstract: The sources and sinks of dissolved CH4 in offshore waters are becoming diversified with
the rapid increase in human activities. The concentration and air–sea exchange flux of dissolved
CH4 present new characteristics of more intense spatiotemporal evolution, and the contribution to
atmospheric CH4 continues to increase. Herein, a new model based on navigable air–sea exchange
flux observations was proposed, which replaced the traditional station-based sampling analysis
and testing method, realizing the synchronous measurement of methane in the atmosphere and
surface seawater carried by ships. Based on the Marine Geological Survey project of the China
Geological Survey, comprehensive environmental surveys were conducted in April 2018, September
2018, and June 2019 in the Qiongdongnan area in the northern part of the South China Sea, and
the dissolved methane content in the sea surface atmosphere and surface seawaters in 2019 were
simultaneously obtained. The methane exchange flux ranges of the southeastern sea area were
calculated as −0.001~−0.0023 µmol·m−2·d−1 and −0.00164~−0.00395 µmol·m−2·d−1 by using the
Liss and Merlivat formula (LM86), the Wanninkhof formula (W92), and the field-measured wind
speed. The feasibility of the navigational air–sea methane exchange flux observation system was
proven in a sea trial, and the measurement accuracy and observation efficiency of air-sea flux were
improved with the designed system, providing a new technical means for further research on
multiscale air–sea interactions and global climate change.

Keywords: navigation measurement; dissolved CH4 concentration; air-sea exchange flux; South
China Sea

1. Introduction

The atmospheric boundary layer (1~1.5 km) with the ocean as the underlying surface
is known as the ocean–atmospheric boundary layer, which is the bridge of material and
energy exchange between the ocean and the atmosphere. Due to the sharp intensification of
human activities (such as land-source river input, oil and gas exploitation, sea reclamation,
and land building) in recent years, offshore dissolved CH4 shows the diversification of
sources and sinks. The concentration and sea–gas exchange flux of CH4 are characterized
by more drastic spatiotemporal evolution [1], and the contribution to atmospheric CH4
also continues to increase [2–4]. The coupling effect of human activities and natural
processes on the spatiotemporal evolution of ocean CH4 source and sink processes and the
air–sea exchange flux has attracted increasing attention from countries [5–9]. Therefore,
it is important to study the carbon exchange between the ocean and the atmosphere
and organically combine the distribution characteristics of dissolved methane content
in the ocean, atmosphere, and seawater. More systematic and targeted observational
research on the ocean–air exchange flux is urgently needed, which promotes a more precise
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investigation of the ocean–atmosphere cycle of CH4 and evaluates the impact on climate
and environmental changes.

The earliest observations of dissolved CH4 in seawater began in the 1950s with purge
and trap-gas chromatography [10]. Subsequently, based on Dalton’s gas partial pressure
law and Henry’s law, marine scientists successively developed observation technologies
for dissolved CH4 in seawater, such as headspace equilibrium-gas chromatography [11],
vacuum degassing-gas chromatography [12], the membrane method [13], and water vapor
balancing-optical cavity ring-down spectroscopy [14,15]. At present, headspace equilib-
rium gas chromatography is employed to measure the content of atmospheric methane
on the sea surface [11], and purge and trap-gas chromatography is used to determine
the content of dissolved methane in surface water [10]. However, these traditional gas
chromatography and other optical methods have the disadvantages of poor stability, high
operating cost, and poor linearity [16,17]. In addition, field discrete sampling and land
laboratory measurements must be conducted by traditional methods, and sample loss is
inevitable in the process of collection and transportation, which reduces the measurement
accuracy of the air–sea exchange flux to a certain extent.

Previous data showed that the distribution characteristics of methane concentration in
the marine atmosphere presented distinct spatial and temporal heterogeneity [18,19], and
the combination of the observation method of methane dissolved in the marine atmosphere
and seawater was insufficient [20]. The atmospheric background and historical data [21,22]
or the annual average value of global atmospheric methane concentration [23] were adopted
when calculating the methane exchange flux at the air–sea interface, which led to certain er-
rors in the calculation results of the methane exchange flux [24]. Therefore, it is necessary to
carry out on-site synchronous observations of marine atmospheric methane and dissolved
methane in surface seawater to obtain more accurate data on dissolved methane in the sea
surface atmosphere and surface seawater at the same space-time scale, further improving
the observation efficiency and accuracy of methane exchange flux estimation results.

The Qiongdongnan Basin in the north of the South China Sea is one of the areas
with the most potential natural gas hydrate resources in the world, and there have been
cold seeps of natural gas and natural leakage of methane gas by marine geological and
geophysical exploration in recent years [25–27]. The methane bubbles enter seawater
layers to form plumes and migrate upward [28], which possibly diffuses from seawater
into the atmosphere. Methane serves as an important greenhouse gas in the atmosphere,
contributing approximately 20% to global warming [29]. In addition, methane has strong
photochemical activity, which affects the concentrations of carbon monoxide, ozone, and
stratospheric water vapor components in the troposphere, thus indirectly affecting the
global climate and environment [30].

In this paper, automatic measurement technology of air and sea flux was employed
to accurately measure the environmental parameters of the air and sea interface in the
Qiongdongnan Basin area in the north of the South China Sea. The methane exchange flux
ranges of the southeastern sea area were calculated by using the Liss and Merlivat formula
(LM86), the Wanninkhof formula (W92), and the field-measured wind speed.

2. Materials and Methods
2.1. System Composition

Aiming to solve the problems raised in the introduction, a new model for methane
flux observation of sea gas was proposed, mainly including a collection system, central
control system, and auxiliary system, as shown in Figure 1.
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Figure 1. System architecture diagram.

The collection system is composed of the seawater atmosphere collection module and
the meteorological observation module. Among them, the seawater atmosphere collection
module is the front core part, including the seawater collection part and atmospheric
collection part. In the seawater collection part, the surface seawater was delivered from
the trench to the gas separation device through the peristaltic pump, and the dissolved
CH4 content in seawater was measured by the surface seawater sampling and analysis
device. In the atmospheric collection part, the gas was pumped into the gas analyzer
through the gas pump to determine the gas content (mainly CH4) and the carbon isotope
ratio. The meteorological observation module mainly analyzed horizontal wind speed,
wind direction, air temperature, relative humidity, net radiation, sea surface temperature,
precipitation, and other observation elements.

The central control system consists of two parts, in which the data collection and
storage unit is responsible for controlling the data collection sequence and storing data,
while the power supply unit provides power for the whole device in the long term.

The auxiliary system is composed of two parts. The shipboard system includes
special mounting brackets and accessories for the sensors to be installed and fixed. The
communication module queries and transmits data through a network cable, Beidou, and
other communication methods, which easily accesses various research-oriented networks.
The technology roadmap of main research content is shown in Figure 2.
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2.2. Calculation Method

The saturation R (%) of dissolved CH4 in seawater and the sea–air exchange flux F
were calculated by Equations (1) and (2).

R =
Cobs
Ceq

× 100% (1)

F = k ×
(
Cobs − Ceq

)
(2)
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where k represents the gas exchange rate (cm/h), Cobs refers to the concentration of dis-
solved gas in surface seawater (nmol/L), and Ceq is the equilibrium concentration of gas
and atmosphere in surface seawater. The gas at the interface obeys Henry’s law [31]
(Wiesenburg D A, 1979), and k is defined as the function of wind speed and SC number in
this model, where SC number is the ratio of the dynamic viscosity of water to the molecular
diffusion rate of the gas to be measured. The SC number is related to physical parameters
for a specific gas, such as water temperature and salinity. Wanninkhof et al. [32] presented
the relationship between the methane gas SC number in seawater and water temperature,
as shown in Equation (3):

SC = 2039.2 − 120.31T + 3.4209T2 − 0.040437T3 (3)

Generally, k was calculated by the Liss and Merlivat formula [33] (Liss et al., 1986)
and the Wannikhof formula [34] (Wanninkhof, 1992) (referred to as LM86 and W92), which
represent the lower value and the higher value of the estimation of the sea–air exchange
flux, respectively. Calculation formula related to the K value is listed in Table 1.

Table 1. Calculation formula related to the K value.

References k Calculate Formula U10

Liss et al.
k = 0.17U10(Sc/600)−1/2 0 < U10 ≤ 3.6

k = (2.85 × U10 − 9.65)(Sc/600)−2/3 3.6 < U10 ≤ 13
k = (5.9 × U10 − 49.3)(Sc/600)−2/3 13 < U10

Wanninkhof k = 0.31U10
2(Sc/600)−1/2 short-term wind speed

Note: U10 is the wind speed at a height of 10 m above the sea surface.

The original wind speed obtained from sea level can be converted to the wind speed
at 10 m by the power law [35], as shown in Equation (4):

U1/U2 = (H1/H2)
0.11 (4)

where H1 and H2 represent the height above sea level, and U1 and U2 are wind speeds at
corresponding heights.

3. Observation Methods and Data
3.1. Fixed-Point Time Series Observation

The survey area and stations (Q1~Q19) are shown in Figure 3. CTD seawater extraction
was carried out in April and September 2018 in the Qiongdongnan waters off the northern
slope of the South China Sea. In the early stage, a Franatech METs methane sensor was used
in combination with an SBE 917plus thermosalt-depth measurement instrument (CTD) to
obtain the methane content of surface seawater with a single point sample, and the CTD
system provided power supply and data collection to METs. The CTD system and METs
are shown in Figure 4.

The concentration range of dissolved methane in surface seawater in the study area
was 1.84~2.43 nmol/L, with an average content of 2.15 nmol/L. According to the annual
average concentration of global atmospheric methane (1.83 PPM) [21], the Wiesenburg
formula was used to preliminarily estimate the concentration when the gas in surface
seawater reached equilibrium with the atmosphere. The methane saturation of surface
seawater in the study area is shown in Figure 5. The methane in the surface seawater of
the survey area was unsaturated in April 2018, leading to atmospheric methane entering
the surface seawater through the air–sea exchange, which was the source of methane in
the surface seawater. In September 2018, part of the methane in the surface seawater of the
survey area was saturated, and some methane in the seawater was released into the atmo-
sphere through the air–sea exchange, which was not a single sink or source relationship.
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There were sink–source conversions in the air–sea methane exchange depending on the
different seasons.
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3.2. Ship-Based Simultaneous Observation

Relying on the National Gas hydrate special project of the China Geological Survey,
the observation system was carried by the “Marine Geology No. 6” survey ship in June
2019 to conduct environmental baseline surveys in the Qiongdongnan area of the South
China Sea. The survey ship and survey area are shown in Figures 6 and 7. A PIcarro G2201
methane analyzer was used in the SST sampling device, and the atmospheric air intakes
were fixed to the fore mast of the survey ship (approximately 15 m above sea level) to avoid
the impact of the stack exhaust gas and deck operation of the survey ship. Rainwise’s
PortLog weather sensor was equipped with a GPS system, which realized the ship-based
navigation and positioning function.
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Figure 8 shows the distribution of methane content. The concentration of dissolved
methane in the surface seawater of the survey area ranged from 0.56 to 2.26 nmol·L−1 with
an average value of 1.45 nmol·L−1, which was slightly lower than the surface seawater
concentration (1.81 nmol·L−1) corresponding to atmospheric and seawater equilibrium.
The concentration of dissolved methane in the surface seawater of the study area was
slightly lower than that in a previous report [36]. The atmospheric methane concentration
of the sea surface in the investigated sea area ranged from 1.82 to 1.96 PPM, with an average
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of 1.88 PPM. The dissolved methane saturation in the surface seawater in the investigated
sea area was from 20.6% to 89.3%, all of which were not saturated.
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Figure 8. (a) Methane content in surface waters of the Qiongdongnan area, and (b) methane content
at the surface atmosphere of the Qiongdongnan area.

Figure 9 displays the distribution map of the average wind speed and sea–air methane
exchange flux in the Qiongdongnan area in June 2019. The impact of the ocean on the
atmosphere includes both material and energy aspects [37]. The methane air–sea exchange
studied in this paper belongs to the impact of the ocean on the atmosphere. Based on data
of dissolved methane in the surface atmosphere and surface seawater obtained by ship
navigation and combined with on-site water temperature and meteorological data, the
range of air–sea methane exchange flux calculated by the W-92 equation was approximately
−0.00164~−0.00395 µmol·m−2·d−1, while that calculated by the LM-86 equation was
−0.001~−0.0023 µmol·m−2·d−1. The sea–air exchange flux calculated by using the W-92
equation was approximately 1.7 times that calculated by the LM-86 method, which was
consistent with the results of the air–sea exchange flux in the North Yellow Sea estimated by
predecessors [24]. Compared with the results of previous studies, this survey had a large
amount of data and wide coverage, and the measurement results were more accurate than
those of previous studies. The air–sea methane exchange flux in the Qiongdongnan area
was less than 0 during the survey in June 2019, which was a sink of atmospheric methane.
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Qiongdongnan area in June 2019.

The hydrological and chemical data of the Qiongdongnan area in the north of the South
China Sea were obtained as follows: the surface seawater temperature varied from 25.93 ◦C
to 27.95 ◦C, with an average of 27.15 ◦C; the surface salinity ranged from 33.49 PSU to
33.92 PSU, with an average of 33.68 PSU; the dissolved oxygen content of surface seawater
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changed from 6.20 mg/L to 6.98 mg/L, with an average of 6.65 mg/L; and the pH value
of surface seawater varied from 8.15 to 8.32, with an average of 8.19. As shown in Table 2,
Figures 10 and 11.

Table 2. The hydrological and chemical data of the Qiongdongnan basin.

Research Location Parameters (Unit) Range of Changes Average

The Qiongdongnan basin
Surface seawater

Temperature (◦C) 25.93~27.95 27.15
Salinity (PSU) 33.49~33.92 33.68

Dissolved oxygen (mg/L) 6.20~6.98 6.65
PH 8.15~8.32 8.19
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Table 3 summarizes the values of air–sea methane exchange fluxes in different sea
areas around the world. Combined with the distribution of methane concentration in the
surface water of the survey area, there was a certain corresponding relationship between
the air–sea flux of methane and the spatial distribution of wind speed. Factors such as
geographical location and meteorological conditions led to significant differences in the
exchange flux of methane in various sea areas, which affected the estimated global methane
budget. It is of great significance to investigate, in-depth, the distribution of methane and
the seasonal variation in air–sea exchange flux in the South China Sea, which provides a
scientific basis for a more accurate estimation of the annual methane released by the global
oceans to the atmosphere.
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Table 3. Exchange fluxes of methane in different sea areas.

Region Air–Sea Flux (µmol/m2/d) References

The east China sea −0.04~3.3 [38]
The yellow China sea 0.31~1.31 [38]

The south yellow China sea −0.1~5.6 [39]
Northwestern South China Sea 1.1 ± 1.0 [40]

The West Philippines Sea −1.7 ± 3.9 [41]
South Bohai Sea 0.88 ± 1.36 [5]

Global ocean means 0.2~0.3 [42]
Global ocean nearshore average 1~2 [42]
The Qiongdongnan Basin of the

northern South China Sea
−0.00164~−0.00395 *a
−0.001~−0.0023 *b This paper

Note: *a—Calculate the air–sea exchange flux using the W-92 equation, and *b—Calculate the sea–air exchange
flux using the LM-86 equation.

4. Conclusions and Prospects

Based on the empirical formula of Liss, Merlivat, and Wannikhof, the air–sea methane
exchange flux measurement system was integrated, which simultaneously and continu-
ously collected the data of sea surface atmosphere and surface seawater, separated the
methane content in the atmosphere and seawater, obtained the meteorological parame-
ters and sea surface hydrological parameters at the sea air interface, and automatically
calculated the sea–air flux. By comparing the fixed-point time series and the ship-based
navigation synchronous measurement data, the former obtained a single data source and
a small number, and there were inevitably errors in the system calculation. The latter
had a large data coverage and space-time continuity, which made the combination of the
sea surface atmosphere and the surface seawater observation closer and provided a new
observation method for the multiscale sea–air interaction observation.

The feasibility of the system was verified by sea trials, and the on-site synchronous
observation of atmospheric methane and dissolved methane in the sea surface of the
surveyed sea area was realized. There was no need for an indoor analysis of collected
samples, which effectively avoided the loss of samples during collection and transportation,
improved the measurement accuracy of the system, and greatly enhanced the observation
ability of air–sea flux. This system was used to obtain the temporal and spatial distribution
characteristics of air–sea methane fluxes in the study area and explore the environmental
regulatory factors of air–sea methane fluxes and the relationship between carbon source and
sink cycle processes and global climate change by combining the available environmental
physicochemical factors.

In the later stage, research on the adaptability of the ship-borne environment will be
continued, high-quality real-time observation data of the sea–air interface will be provided
for marine environmental monitoring and research on sea–air interface interactions, and the
early warning and reporting capabilities for emergency mobile observation, on-site support,
and disaster prevention and mitigation of the marine environment will be further improved.
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