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Methane (CHy) is the second-most important greenhouse gas in the atmosphere having
a significant effect on global climate. The ocean—particularly the coastal regions—have
been recognized to be a net source of CHy4, however, the constraints on temporal and
spatial resolution of CH, measurements have been the limiting factor to estimate the
total oceanic contributions. In this study, the viability of micrometeorological methods
for the analysis of CH4 fluxes in the marine environment was evaluated. We present
1 year of semi-continuous eddy covariance measurements of CH, atmospheric dry
mole fractions and air-sea CH,4 flux densities at the Ostergarnsholm station at the
east coast of the Gotland Island in the central Baltic Sea. The mean annual CHy4 flux
density was positive, indicating that the region off Gotland is a net source of CHy to
the atmosphere with monthly mean flux densities ranging between -0.1 and 36 nmol
m~—2s~'. Both the ai—water concentration gradient and the wind speed were found
to be crucial parameters controlling the flux. The results were in good agreement with
other measurements in the Baltic Sea reported in the MEMENTO database. Our results
suggest that the eddy covariance technique is a useful tool for studying CH4 fluxes
and improving the understanding of air-sea gas exchange processes with high-temporal
resolution. Potentially, the high resolution of micrometeorological data can increase the
understanding of the temporal variability and forcing processes of CH, flux.

Keywords: air-sea gas exchange, Baltic Sea, eddy covariance, CH, fluxes, micrometeorological methods

1. INTRODUCTION

Methane (CHg) is an atmospheric trace gas considered to be the second-most important
greenhouse gas after carbon dioxide (CO,). The estimated warming potential per molecule of CHy4
is 28 times greater than CO, over a 100-years horizon, and 72 times greater over a 20-years horizon
(IPCC, 2013). The global average atmospheric concentration of CH,4 has more than doubled since
the pre-industrial era, reaching values of over 1,800 ppb (WDCGG, 2015). CHy is emitted to the
atmosphere by natural and anthropogenic sources, however, the rapid increase in the atmospheric
CH4 concentrations has been attributed to anthropogenic activities. Great uncertainties on the
temporal and spatial variability of the individual sources of CHj still exist.

The ocean is a net source of CHy to the atmosphere. Considering biogenic, geological and
hydrate sources, the global oceanic emissions have been estimated at 14 Tg yr~! (range 5-25) value
that represent about 1-3% of the total global sources of atmospheric CHy (Saunois et al., 2016).
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Out of the total oceanic contribution, the shelf areas and estuaries
account for up to 75%, being the major oceanic source (Bange
et al., 1994). However, these estimates are still uncertain due to
the limited availability of CH4 data in the marine environment.
The constrains on temporal and spatial resolution of CHy
measurements have been the limiting factor to account for the
diversity on the production and consumption mechanisms of
CHy, hindering our understanding of the oceanic contributions
at regional scales, thus, the capacity to constrain the global
emission estimates.

The Baltic Sea is a semi-enclosed basin at relatively high
latitudes (Meier et al, 2014), it presents great spatial and
temporal variability of surface CH4 concentrations in open sea
and in shallow coastal regions. Seasonal variations of water
temperature, wind speed, and availability of organic matter have
been identified to regulate CH4 emissions to the atmosphere
(Bange, 2006; Bange et al., 2010; Giilzow et al., 2013). A detailed
description of the CH4 budget at a basin scale in the Baltic Sea is
still missing, and the lack of constrained air-sea exchange values
is one of the major uncertainties.

Air-sea CHy fluxes (FCHy) derived from bulk
parameterizations and large-scale models based on surface
water measurements have led to great uncertainties in the
estimates of CHy global oceanic emissions (e.g., Bange et al,
1994; Rhee et al, 2009). Micrometeorological techniques, in
contrast, allow direct estimations of turbulent fluxes at a high
temporal resolution. The use of these techniques can significantly
contribute to long-term monitoring of CHy emissions in marine
environments to constrain the regional and global estimates.
The improvement in the temporal resolution offered by the
micrometeorological techniques can be specially important in
coastal systems, where rapid terrestrial inputs due to hydrological
events, upwelling events, and changes in the biogeochemical
properties induce a high temporal variability of the forcing
processes modulating FCHj.

Micrometeorological techniques, such as eddy covariance
(EC), have been widely used for estimation of momentum,
energy, and mass fluxes in terrestrial (Baldocchi et al,
2001, and references therein), coastal (Crawford et al., 1993;
Rutgersson and Smedman, 2010; Gutiérrez-Loza et al., 2018),
and oceanic environments (McGillis et al., 2001; Miller et al,,
2010). In marine applications, the EC method is commonly
used for CO, and water vapor flux calculations. However,
significantly less attention has been paid on FCHy with
only a few studies existing about CH4 measurements from
EC (Yang et al, 2016ab, 2019). Other micrometeorological
techniques have been used—even to a lesser extent—for FCHy
calculations. De Wilde and Duyzer (1995) reported the first
FCHy4 estimates from micrometeorological measurements in the
marine environment using the gradient method (Fowler and
Duyzer, 1989). To our knowledge there are no available records
of long-term FCH4 from eddy covariance measurements or other
micrometeorological techniques in the Baltic Sea.

In this study, we used 1 year of EC measurements of CHy
at Ostergarnholm site in the Baltic Sea with the following aims:
(1) investigate the viability and quality of EC measurements
when studying air-sea FCH4 from a land-based station in a

marine environment, (2) estimate the annual FCH4 and the
seasonal variations in the region, and (3) explore the controlling
mechanisms on air-sea CH4 exchange.

2. METHODOLOGY

2.1. Site Description

The Ostergarnsholm station (57°27'N, 18°59'E) is located on a
small and flat island 4 km off the eastern coast of Gotland in
the Baltic Sea (Figure 1). The station has a 30-m land-based
meteorological tower located on the southern tip of the island
where the ground rises only 1-2 m above the sea surface. The
station has being running semi-continuously since 1995 with
the aim of monitoring and studying the marine atmospheric
boundary layer and to assess the air-sea interaction processes
(e.g., Smedman et al., 1999; Hogstrom et al., 2008; Rutgersson
et al., 2008; Sahlée et al., 2008; Rutgersson and Smedman, 2010).
The station is part of the Integrated Carbon Observation System
(ICOS) infrastructure.

The measurements at Ostergarnsholm site represent open
sea or coastal conditions depending on the wind direction
(Rutgersson et al., 2008). For wind directions between 80° <
WD < 220° the measurements from the tower are considered
to be representative of open sea conditions as the wave field is
undisturbed by the bathymetry and the atmospheric turbulence
is not affected by coastal features (Hogstrom et al, 2008;
Rutgersson and Smedman, 2010). Processes characteristic of
coastal environments are recognized for wind directions between
50° <WD < 80° and 220° < WD < 295° when the physical,
biogeochemical, and hydrographical properties may be affected
by the shore. In contrast, the northerly sector is strongly
influenced by land, therefore data from 295° < WD < 50° are not
representative for sea conditions and should not be used for air—
sea interaction studies. Additionally, wind from 355° < WD <
5° is affected by the structure of the tower and should not be used
for any analysis (Rutgersson et al., 2008). For this study, open sea
and coastal conditions were included in the analysis (50° < WD
< 295°) (see Figure 1b).

2.2. Instrumentation and Measurements

The tower was instrumented with high-frequency (20 Hz) sensors
for EC measurements of FCHy at 9 m above the tower base.
From September 2017 to September 2018, atmospheric CHy dry
mole fractions were measured using a LI-7700 open-path gas
analyzer (LI-COR, Inc., Lincoln, NE, USA). Simultaneously, the
three wind-speed components were measured with a CSAT3
sonic anemometer (Campbell Scientific, Inc., Logan, UT, USA).
The LI-7700 was factory calibrated just before the installation.
According to the manufacturer, the factory calibration is
carried out making a series of automated measurements with
seven traceable reference gas concentrations under controlled
conditions using an environmental chamber. The reference tanks
are NIST (National Institute of Standards and Technology)
certified standard gas mixtures with mole fractions of CHy
ranging from 1 to 40 ppm (£1% accuracy). The calibration was
conducted under temperature conditions of -25, 25, and 40°C in
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FIGURE 1 | (a) Map of the Baltic Sea. The red mark in the central Baltic Sea indicates the location of the Ostergarnsholm station; the Gotland Basin is the area within
the black rectangle. (b) Location of Ostergarnsholm island situated ca 4 km off from the Gotland island. The red mark indicates the location of the tower; the colors
are the wind rose representing the distribution of wind speed and wind direction at the Ostergarnsholm station.

order to establish accurate relationships between the absorptance
and the actual concentration.

The EC system (Figure 2) was oriented facing South, the sonic
anemometer was placed on the tip of the boom and the gas
analyzer LI-7700 was 0.8 m behind the sonic anemometer. The
set-up of the instruments was such to minimize the air-flow
disturbances, with the larger instrument (LI-7700) closer to the
tower. A detailed description of the LI-7700, its functioning and
calibration is given by McDermitt et al. (2011); see Sahlée et al.
(2014) for the analysis of the instrument performance.

In addition to the tower measurements, water-side samplings
were performed in the vicinities of the Ostergarnsholm island to
measure CHy in the seawater. Discrete samplings were carried
out during the summers of 2016 and 2017. The samples were
taken from a boat at three different depths (1, 10, and 18
m) using a 3 L Ruttner collector, transferred to a 60 ml gas-
tight vial using a tubing and sealed with butyl rubber septa
(Apodan) and aluminum caps. The samples were poisoned with
1 ml of saturated aqueous solution of mercury chloride (HgCl,)
immediately after sampling to prevent any biological activity
prior to analysis. The samples were stored upside down in a
dark place at 4°C until the analysis. All samples were analyzed
in GEOMARSs trace gas laboratory within a few months after
collection, the analysis was carried out following the static
equilibration method of Bange et al. (2010). During the analysis,
each individual sample was injected with 10 mL of He (99.999%),
vibrated for 30 s and left to equilibrate for at least 2 h. A

FIGURE 2 | Photograph of the eddy covariance system set-up at level 1 (9 m)
at Ostergarnsholm station.

9 mL subsample from the headspace was taken from each
sample using a gas-tight syringe and manually injected into a gas
chromatographic (GC) system (Hewlett Packard 5890 Series II)
by using a 2 mL sample loop. The GC was equipped with a packed
column (molsieve 54), He (99.999%) was used as a carrier gas
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with a flow rate of 30 mL min~! and a temperature of 60°C. CH,
was detected using a flame ionization detector (FID).

A surface water CH4 mapping campaign was performed
for 2 days in late June 2018 during stable weather conditions
(clear days and low winds < 3 m s~!). A boat was equipped
with an Ultra-portable Greenhouse Gas Analyzer (UGGA, Los
Gatos Research, San Jose, CA, USA) connected to a pump-
based equilibrator system. Prior to the campaign, the UGGA was
calibrated using standard gases (2 ppm and 50 ppm). During
boat travel (2 kn), seawater was pumped at a constant rate
through a polypropylene filter and led to a silicon membrane-
based equilibrator (PermSelect, Ann Arbor, USA). Seawater flows
outside the silicon hollow fibers in the equilibrator, while gas
penetrates the fibers toward the gas analyzer. See Paranaiba et al.
(2018) for further details about the equilibrator system. The
continuous water-side CH4 concentration data was measured
at 1 Hz (precision of <2 ppb according to the manufacturer)
and averaged over 15-s periods. Together with the geographic
coordinates from a GPS, the data was stored on a CR1000
Campbell data logger (Campbell Scientific, Inc., Logan, UT,
USA). With an estimated response time of 5 min, each data point
represents a moving average integrated over ca 300 m according
to the boat speed. The measurements were performed within the
footprint of the tower covering all relevant wind sectors. The
flux footprint area calculations—as reported by Hogstrom et al.
(2008)—indicates that for very stable conditions 60% of the fluxes
are originated between 1.7 and 22 km from the tower base, and
for very unstable conditions 60% of the fluxes originate between
75 and 300 m from the tower.

Water-side CHy values were reported in molar fraction
(ppb) in order to directly compare atmospheric and oceanic
measurements (see section 3.1.2 and Figure 7). Molar fractions
can be further converted to concentration values—as commonly
used—in nmol L™! or nmol kg~! using the solubility equation
given by Wiesenburg and Guinasso (1979).

2.3. MEMENTO Database

The MarinE MethanE and NiTrous Oxide Database
(MEMENTO,  https://memento.geomar.de/home)  collects
dissolved and corresponding atmospheric CHy data from in situ
measurements since 1986 (Table1). We used these data to
compare with the annual cycle observed from the EC results
and with the water-side samples in the Baltic Sea. For this
comparison, we selected data from the MEMENTO database
collected within the Gotland Basin in the Baltic Sea (see Table 1).
The Gotland Basin region was considered here from 54°N,
16.5°E to 58.5°N, 22°E. We defined a “coastal” sub-dataset which
included the reported values from measurement sites with water
depths lower than 25 m.

2.4. The Eddy Covariance Method

Air-sea FCH,4 were estimated using the EC method (Baldocchi
et al., 1988; Aubinet et al., 2012). The general equation for the
flux calculation is given by

F =paw'c, (1)

TABLE 1 | Datasets included in the MEMENTO database with data from the Baltic
Sea.

Dataset Campaign Date PI (institution) References
name
Ds-80f HELCOM Feb 1992 Hermann W. Bange  Bange et al.,
92-02 (GEOMAR) 1994
DS-79t HELCOM May 1992  Hermann W. Bange  Bange et al.,
92-05 (GEOMAR) 1994
DS-117 Kiel Harbor 1992- Rolf Schmaljohann Schmaljohann,
Study 1993 (GEOMAR) 1996
DS-61 GOAP 0694 Jun-Jul Hermann W. Bange  Bange et al.,
1994 (GEOMAR) 1998
DS-62 GOAP 0996 Sep-Oct Hermann W. Bange  Bange et al.,
1996 (GEOMAR) 1998
DS-63 GOAP 1296 Dec 1996  Hermann W. Bange  Bange et al.,
(GEOMAR) 1998
DS-64 GOAP 0397 Mar 1997 Hermann W. Bange  Bange et al.,
(GEOMAR) 1998
DS-65 GOAP 0497 Apr 1997 Hermann W. Bange  Bange et al.,
(GEOMAR) 1998
Ds-78f MSM 08/03 Jun-Jul Oliver Schmale Schmale
2008 (IOw) etal., 2010
DS-225T  P392- BALTIC  Dec 2009 Gregor Rehder, Gulzow et al.,
GAS Michael Glockzin 2014
(ow)
DS-218"  ICOS-D Baltic ~ Feb-Dec Gregor Rehder, Gulzow et al.,
VOS Finnmade 2010 Michael Glockzin 2011
(ow)
DS-207T AL 458 May 2015  Annette Kock, Unpublished

Hermann W. Bange
(GEOMAR)

T Datasets including data from the Gotland Basin.

where p, is the density of dry air, w is the vertical component
of the wind speed, and ¢ is the gas dry mole fraction. The
overbar represents the temporal average and the turbulent
fluctuations, indicated by the primes, are estimated from the
high-frequency (20 Hz) time series of each variable through a
Reynold’s decomposition:

x=x+x, (2)

where x is the measured signal, x represents the time-mean value,
and x’ represents the fluctuating part.

EC is a straight-forward method to determine gas fluxes.
The method avoids the use of empirical constants, as the bulk
methods do, it does not rely on assumptions regarding the
behavior of the gas or its properties and, it does not require
approximations of the atmospheric boundary layer structure
(Wanninkhof et al.,, 2009). However, in order to fulfill the
method’s assumptions, a strict quality control must be applied to
the data (e.g., Foken, 2008).

2.5. Data Treatment and Quality Control

We used time series of wind speed and CHy4 atmospheric dry
mole fraction data obtained at the Ostergarnsholm site between
September 2017 and September 2018. The high-frequency raw
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measurements were used to calculate half-hourly values of FCHy4
using the EC method (Equation 1). Prior to the flux calculations,
several selection criteria were applied to ensure high quality data
representative of air-sea CHy4 exchange within the footprint.

The raw high-frequency wind components were first
transformed to earth-system coordinates and the angles
were corrected using a double rotation method to avoid any
effects caused by the tilting of the sonic anemometer. Wind
speed and wind directions were computed from the corrected
wind components.

The LI-7700 gas analyzer automatically identifies CH4 data
with a -9999 flag when the sensor is not working properly. These
records were removed prior to the calculations. Afterwards,
a non-linear median filter algorithm was applied to the 20-
Hz data over 30-min periods to eliminate outliers from
the high-frequency time series (see Brock, 1986; Starkenburg
et al, 2016). Half-hour periods with more than 1% (360
data points) of outliers were discarded (Foken, 2008). The
turbulent fluctuations of each variable were calculated from
of the de-trended time series using a Reynold’s decomposition
(Equation 2) over 30-min periods. A linear fit was considered
for the de-trending procedure. The turbulent fluctuations were
used to calculate the variance and covariance, as well as,
other statistical moments used during the flux calculations and
statistical analysis. Half-hour averages of each variable were
then computed.

We set thresholds on some statistical parameters to ensure the
homogeneity of the data and to avoid outliers. Data was excluded
from the analysis when the standard deviation of the 30-min time
series of CHy4 dry mole fraction exceeded 35 ppb (Baldocchi et al.,
2012) and when its 4th-order moment was higher than 100 ppb*.
The skewness and kurtosis were set to range from -2 to 2 and
from 1 to 8, respectively. Values outside these ranges were filtered
out (Vickers and Mahrt, 1997).

The relative signal strength (RSSI) of the LI-7700 gas analyzer
is closely related to the state of the optical mirrors. The
mirrors are sensitive to water drops, dust, and—particularly
in marine environments—they are sensitive to salt. Therefore,
data was discarded when the RSSI was below 10%, this
threshold value has been previously used by Podgrajsek et al.
(2016). The instrument has a cleaning system for the lower
mirror which was set to automatically turn on for 20 s
every second-hour when RSSI < 50%. The automatic cleaning
was complemented with manual cleaning every 1-2 months.
During both, automatic and manual cleaning, the RSSI values
drop due to the presence of liquid on the mirrors, thus,
data was automatically excluded during those periods by the
minimum RSSI criterion.

Following Baldocchi et al. (2012), data was removed when the
half-hour average values of atmospheric CH4 dry mole fraction
were smaller than the background atmospheric values, here
considered as 1,800 ppb.

Only wind directions representing coastal and open sea
environments were considered in the flux analysis, therefore only
half-hour data corresponding to wind coming from 50° < WD
< 295° was used. Other wind directions (northerly winds) were
considered to be influenced by land or disturbed by the tower.

1 was also excluded from

Data with wind speeds lower than 1 m s~
the analysis.

Density corrections (Webb et al, 1980) were applied
during the FCHy calculations to account for the effect
of the temperature and water vapor fluctuations.
Additional corrections were included to account for the
spectroscopic effects caused by water vapor, pressure,
and temperature on the spectroscopic properties of the
absorption line (McDermitt et al., 2011). The minimum
detection limit for the computed fluxes was considered
to be +4 nmol m 257!, thus, FCH; with magnitude
smaller than that threshold value were filtered out
(Detto et al., 2011; Baldocchi et al., 2012).

The data that fulfilled all quality control criteria were used
for further analysis. The high-quality dataset analyzed in this
study consists of 4,136 half-hour CH4 dry mole fraction values
and 1,660 half-hour FCH4 values over the period of 1 year from
October 2017 to October 2018. The data correspond to 23.7%
and 9.5% of the study period (17,456 half-hours), respectively.
The data covers 54% of the 366 days when considering CHy dry
mole fractions, and 45% for FCHy, including days with at least
one half-hour measurement.

3. RESULTS
3.1. The Annual Cycle

The annual cycle of FCHy and other characteristic parameters
were analyzed from measurements at Ostergarnsholm station
from October 1st, 2017 to September 30th, 2018 (Figure 3).
During the period of this study, the wind speed did not show
a clear seasonal pattern, however, higher wind-speed events
were observed during autumn and winter causing relatively
higher monthly means between September and March (ranging
from 6.6 to 8.2 m s~!) than those observed during summer
(4.2t0 6.1 ms~1). The maximum 30-min wind speed reached
19.5 m s~! while the maximum daily average was 16.7 m s~L
both during the same high-wind speed event on January 2018.
The annual mean wind speed was 6.7 m s~ 1.

Air and water temperature presented a seasonal cycle with
lower values during the winter months (DJFM) and higher
temperatures during summer (JJAS). The air temperature
monthly means ranged between 0.6°C and 5.4°C during winter,
being February the coldest month. During summer, the monthly
mean air temperatures ranged between 16.2°C and 22.7°C, being
July the warmest month of the year. The water temperature
showed a very similar behavior with a minimum monthly mean
of 1.3°C in March and a maximum value of 19.3°C in July. The
minimum air and water temperatures were -7.5°C and 0.4°C,
respectively, and were both observed during late winter. The
maximum air and water temperatures reached values of 27.2°C
and 23.9°C, respectively. The mean annual air temperature was
10.2°C, while the mean annual water temperature was 9.4°C.

Higher values of the atmospheric CHy dry mole fraction
were observed during winter compared to the values observed
during the rest of the year. The maximum monthly mean was
2,217.7 ppb observed during December and a second maximum
of 2,201.8 ppb occurred during March. Lower monthly values
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(~ 2,000 ppb) were found from April to November (Figure 3C).
For FCHy, positive monthly means were observed throughout
the year with values of 3.7-36.1 nmol m2s™! (excluding May)
indicating that the region was a net source of CHy. May was the
only month with a negative monthly mean value of -0.1 nmol
m~2s7!. A maximum monthly mean of 36.0 nmol m~2s~! was
observed during March. Additionally to this maximum value,
high FCH4 were observed both during winter and summer
with similar monthly values ranging from 13.1 to 18.8 nmol
m~2s7! and 12.9 to 14.9 nmol m~2s~1, respectively. Minimum
FCH4 were observed during the transition months between
summer and winter seasons, with near-zero fluxes during May
and October-November. The scatter of the individual 30-min
values was large ranging from -76 to 251.6 nmol m~2s™!, with
most of the negative values (163 out of 202 data points) observed
during late autumn and winter.

3.1.1. Methane Concentrations: A Comparison With
the MEMENTO Database

A comparison between the two datasets (Ostergarnsholm data
and MEMENTO) was carried out with the aim of understanding
and validating the seasonal behavior observed from the EC
measurements at Ostergarnsholm. Monthly mean atmospheric
CH4 dry mole fraction observed from the EC measurements
at Ostergarnsholm during 2017-2018 ranged between 2,004.6
and 2,217.7 ppb, while the values previously reported in the
MEMENTO database for the Gotland Basin region ranged from
1,860 to 1,905 ppb (Figure 4). Atmospheric values from the
Gotland Basin included monthly averages over almost 30 years,
excepting January for which no data was reported during those
years. The long-term average showed a more clear seasonality,
but it masked shorter-term changes and the higher variability
observed in the 1-year record from Ostergarnsholm. For both
records, however, lower monthly CHy dry mole fractions were
observed during summer (JJAS) with minimum values during
August, 2,004.6 and 1,861.0 ppb, for Ostergarnsholm and the
Gotland Basin, respectively. Maximum values during November-
April were observed also for both records.

Similar to what was observed for the atmospheric
concentrations, the CH; mole fractions in the seawater
measured in the vicinities of the Ostergarnsholm site were
higher than the average values observed in the Gotland Basin
(Figure 5). The mean value of the seawater CH4 mole fraction
from the 2-day mapping campaign in late June 2018 was
3,897.1 ppb, and the mean value from the discrete samplings in
summer 2016 and 2017 was 8,794.1 ppb. On the contrary, the
annual mean value reported for the Gotland Basin was 2,676.3
ppb, with higher values from late June to October, reaching a
maximum monthly mean of 3,360.5 ppb in October. The mean
values from the coastal regions—as defined above as "coastal"
sub-dataset—reported in the MEMENTO database did not show
either such high values as those reported within this study. Even
so, individual values reaching magnitudes up to 15,000 ppb
were reported (Figure 5), showing that under certain conditions,
mostly during summer, high values of CHy in the seawater can
occur in the region. During winter, lower values were observed
from the MEMENTO data, the minimum value was found
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FIGURE 4 | Monthly means of atmospheric CH4 dry mole fraction from
(A) Ostergarnsholm station during 2017-2018 (this study), and (B) MEMENTO
database in the Gotland Basin obtained between 1986 and 2015.

during May with monthly mean of 1,923.7 ppb. No data was
reported during January.

A broader comparison using data from the whole Baltic Sea
(Table 1) also supports that the magnitude of the seawater CHy4
mole fractions in the vicinities of the tower was much higher
than values previously reported for the Baltic Sea (Figure 6).
However, the measurements from the mapping campaign
were in good agreement with values reported for the coastal
regions. High-concentration events were observed for both the
Baltic Sea and the coastal Baltic Sea datasets with values as
high as 20,000 ppb.

3.1.2. Seasonality of the Air-Sea Concentration
Gradient

A clear seasonal pattern was observed in the air-sea
concentration gradient of CHy (AC) from atmospheric and
water-side CH4 mole fractions in the Gotland Basin (Figure 7A).
The gradient was, to a great extent, caused by changes in the
water-side mole fractions while atmospheric CH4 remained
fairly constant. The increase in the seawater mole fractions
led to higher positive AC that reached values higher than
1,000 ppb during summer and early autumn. The maximum
values were found in September and October when the AC
values were higher than 1,460 ppb. The FCHy values observed
from Ostergarnsholm data during the summer months were
consistent with the behavior of AC, showing an increase during
these months (Figure 7B). In the same way, the minimum AC
of 39.4 ppb during May was in agreement with the minimum
FCH4 when a near-zero flux was observed. During the winter
months AC was small, even so, we observed high FCHy,
suggesting that other processes might have modulated the
air-sea fluxes by enhancing the efficiency of the transport
through the surface.
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3.2. Wind Dependency

Slightly soluble gases tend to be more easily transported
across the air-sea interface under highly turbulent conditions
(bubble-mediated transport). Based on the mean values
(blue dots in Figure8) such correlation between FCHy
and the wind speed (U) was not noticeable. For high-
wind speed values (U > 14 m s~ ') a tendency of FCHy4
to increase with wind speed was observed. However, these

values had been identified to belong to a single high-wind
speed event (see section 3.2.1) and further evidence is
required to validate the relationship between FCH4 under
high-wind speeds.

When comparing FCHy as a function of the wind speed,
several parameters affecting the flux were included in the
comparison. A more fair comparison would be to represent
the transfer velocity (k) as a function of U since FCHy is
not only influenced by the U but also by AC. Unfortunately,
we were not able to calculate k in this study due to the
lack of continuous measurements of CH; mole fractions
in the seawater.

3.2.1. High-Wind Speed Event

A high-wind speed event occurred in January 2018, the case is
here highlighted as it revealed a strong wind speed dependence
for FCHy. This event is particularly interesting for further
analysis since it occurred during winter when AC is assumed to
be small, therefore, is unlikely the main driver of FCHy.

During the high-wind speed event, a constant increase of
the wind speed occurred over a 48-h period (Figure 9A). The
initial wind speed at the beginning of the event was 5.1 m
s7! and steadily increased until it reached its maximum at
19.4 m s~! almost 48 h later. The wind direction during the
event was from south-east, with mean wind direction of 154°.
South-east wind directions represent open sea conditions as
defined by Rutgersson et al. (2008). We observed an increase of
FCHy several hours after the event began (Figure 9B). During
the high-wind speed event, FCH4 increased exponentially from
an initial value of 4.0 nmol m™2 s~! to a maximum value
of 187.1 nmol m~2 s~!. Additional to the increase in FCHy,
an increment on the atmospheric CHy dry mole fraction was
observed from an initial value of 2,006.1 ppb to a maximum
value of 2,438.2 ppb.
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during summer and higher values during winter time. The
seasonal variability observed in both datasets might be explained
by the increased consumption rate of CHy in the atmosphere
due to OH radicals during summer (Khalil and Rasmussen,
1983). The magnitude of the monthly means observed during
2017-2018 at Ostergarnsholm were significantly higher than
the values presented for the Gotland Basin (Figure4). To
our knowledge there is no other continuous atmospheric CHy
measurements in the region to compare with, however, the
values from the Ostergarnsholm station seem to be consistent
with the global trends that indicate an increase of about 200
ppb in the global atmospheric CH4 concentration since 1985
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FIGURE 8 | Half-hourly FCH,4 values plotted as a function of the wind
speed, U.

4. DISCUSSION

The annual cycle of atmospheric CHy4 dry mole fraction observed
at Ostergarnsholm station showed a good agreement with
the seasonal variability of the Gotland Basin from previously
reported data, lower atmospheric CHy values were observed

(Figure 1 in Saunois et al.,, 2016). Additionally, higher air-sea
FCH4 enhanced by coastal processes might also contribute to the
observed atmospheric values. Higher variability is observed in
the monthly means from the EC measurements of atmospheric
CHy. The variability is attributed to local processes which were
not perceptible from the long-term averages in the Gotland
Basin form the MEMENTO data. Even so, more data is
still necessary to validate the measurements presented here
and to explain the high variability on the atmospheric CHy
mole fraction.

The CH4 mole fractions in the seawater nearby the
Ostergarnsholm site were higher than both the mean and
median values from measurements reported in the MEMENTO
database for the Gotland Basin (Figure 5). However, similar
values have been observed in the region during summer time.
These results are consistent with the seasonal temperature cycle
which enhances the CH4 production rate under warmer water
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conditions (Bange et al., 1998). Additionally, Giilzow et al.
(2013) showed that upwelling events during the summer have a
significant effect on surface CHy on the Gotland area by bringing
CHy-rich water masses from deeper layer to the surface.

The water-side measurements at Ostergarnsholm were in
good agreement with values reported for the coastal Baltic
Sea regions (Figure 6), suggesting that coastal characteristics
such as shallow waters, high biological activity, and upwelling
events might have led to higher concentration values in the
vicinities of the tower. High water-side CH4 mole fractions have
been previously reported for physical- and biogeochemically
active areas such as coastal regions (Rhee et al., 2009; Borges
et al,, 2016) and lakes (Podgrajsek et al., 2014). Borges et al.
(2016) attributed the high CH4 concentrations observed in
a near-shore region in the North Sea—and the consequent
fluxes—to the shallow water-depth and the well-mixed water
column. Giilzow et al. (2013) concluded that for other
shallow areas in the Baltic Sea (i.e., Mecklenburg Bight and
Arkona Basin) the methane oversaturation conditions follow
the water temperature trend, with increasing concentrations
during summer time. This fact is particularly relevant as
2018 presented significantly higher water temperatures than
average years.

The monthly means of FCH4 from EC measurements at
Ostergarnsholm site indicated that the region was a net source of
CHy4 throughout the year. The role of the Baltic Sea as a source
of CH4 has been mentioned in previous studies, however, the
reported values present a great degree of variability in time and
space. On one hand, Bange et al. (1994) reported values ranging
from 0.11 to 0.17 nmol m~2s~! during a winter (February) and
from 1.17 to 13.9 nmol m~2s~! for the summer (July/August),
indicating larger flux during summer than during winter. On the
other hand, Giilzow et al. (2013) showed that the seasonality of
FCH4 depends on the characteristics of each region of the Baltic
Sea. The fluxes calculated by Giilzow et al. (2013) are significantly
smaller than those presented by Bange et al. (1994); for the same
months they found values of 0.151-0.08 nmol m~2s~! (February)
and 0.01-0.076 nmol m~2s~1 (July/August) for the Arkona Sea,
Bornholm Sea, and Gotland Sea. The highest monthly mean value
reported by Giilzow et al. (2013) was 1.145 nmol m~2s71 in the
Gulf of Finland during February. In both cases, the fluxes were
calculated based on bulk parameterizations.

The FCH4 monthly means presented in this study ranged
from -0.1 to 36.1 nmol m~2s~! from EC measurements. These
values are—in general—higher than those previously reported for
the Baltic Sea. In a similar way, De Wilde and Duyzer (1995)
reported FCHy values from the ASGASEX experiment up to 6
times higher using micrometeorological techniques than those
calculated using Wanninkhof (1992) relationship. The authors
mentioned that in order to explain those discrepancies between
the two methods, more measurements are required using both
methods simultaneously.

Despite the positive mean fluxes throughout the year and
the general agreement of the Baltic Sea as a net source of
CHy, some negative FCH,4 values were observed from the 30-
min data during late autumn and winter (Figure 3D). These
values might have been caused by a temporary undersaturation

of the water-side CHy with respect of the atmospheric values.
Giilzow et al. (2013) calculated saturation values of 96% and
94% during winter in 2010 and 2011, respectively, in the
Gotland Basin. The undersaturation was only reported for the
Goltand Basin region during December-April and might be
caused by the enhanced solubility of CHy due to low water
temperatures. Thus, this behavior is not noticeable from the
mole fraction time series (Figure 3C), however, it might cause
frequent changes in the direction of the net FCHy in the region.
In addition to the possibility of a temporary undersaturation
state, highly turbulent conditions due to increased wind speeds
during winter time may cause higher variability on the gas
exchange across the interface, the direction of FCHy is then
determined by the air-sea gradient. High temporal resolution
measurements, such as those presented here, are necessary to
detect this variability.

In the Gotland Basin, AC is mostly modulated by variations
of CHy4 mole fraction in the seawater, while the atmospheric
values remain relatively constant in comparison to the seawater
values. From the MEMENTO data, it was noticeable that higher
AC values are present during summer (Figure7) due to the
large increase in the seawater mole fractions observed in the
warmer months. Similarly, Giilzow et al. (2013) observed a
continuous increase of CHy saturation in all basins of the Baltic
Sea from April to July due to the rise in water temperatures. The
MEMENTO data is useful for describing the average seasonal
behavior, however, sub-annual variability of AC for the particular
period of this study is hardly represented. In order to understand
the relationship between AC and the fluxes across the air-
sea interface, simultaneous measurements of atmospheric and
seawater concentrations are required, along with flux data.

In this study, FCHy values observed during the summer
months (JJAS) were consistent with the increase of AC as
observed from the MEMENTO data, suggesting that the
main driver of the exchange is the air-water concentration
difference. In this case, the effect of the strong stratification
and shallow mixed layer depth in the Gotland Basin (Giilzow
et al, 2013) during the summer due to the warming
of the surface layers is not sufficient to hinder FCHy,
at least in this particular region. In contrast, high FCH4
observed during winter were not explained solely by AC
that showed small values from October to May. During
winter, strong wind-speed events and higher mean wind
speed values were observed. Regardless of the relatively small
gradient, highly-turbulent conditions might have led to the
enhancement of the transport processes causing an increase in
positive FCHy.

Air-sea gas exchange is not only dependent on AC, it is
also modulated by environmental forcing factors that define
the efficiency of the transport (Wanninkhof et al., 2009). Wind
speed is considered to be one of the main parameters used
to describe the efficiency of the gas exchange across the air-
sea interface (Liss and Merlivat, 1986; Wanninkhof, 1992).
Thus, a high correlation between FCH4 and U was expected,
however, no correlation was observed between the calculated
FCH4 and U (Figure 8). We considered that using k would
be a more straightforward comparison. Giilzow et al. (2013)
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presented values of k for different regions of the Baltic Sea
calculated according to Wanninkhof et al. (2009) as a function
of the wind speed. They showed that for all regions (including
the Gotland Basin) the highest transfer coefficients occurred
from September to January. These results are consistent with
the increased wind speeds observed in this study during
the winter months, and can be an indication of the high
FCHy values observed during this period might be driven by
wind-induced turbulence.

The analysis of a high-wind speed event showed that under
certain conditions the wind speed might be a crucial parameter
in the gas transport across the air-sea interface causing an
increase in FCHy. In the Baltic Sea, CHy is primarily produced
in the sediments and then transported through the water
column, therefore, the physical characteristics on the water-
side (i.e., stratification, tides, mixed layer depth, etc.) are of
great importance for the distribution of CHy. However, high-
wind speed events—such as the one analyzed here—can cause
enough mixing to ventilate the water column enhancing the
transport of CHy to the atmosphere, resulting in larger positive
FCHy. The delay on the increasing behavior of FCH4 and
CHy dry mole fraction during the high-wind speed event,
suggests the existence of a threshold value below which the
wind does not generate enough mixing. Alternatively, this
behavior might be an indication of the need for a sufficiently-
long time over which the wind develops the mixing in the
ocean surface. Bell et al. (2017) showed that the effect of the
bubble-mediated transport at intermediate-high wind speeds
becomes significant after a threshold value that depends on
the wave-breaking characteristics. The threshold value was
found to be dependent on the characteristics of the gas.
Analysis of the effect of bubble-mediated transport on FCHy
is still missing. High-wind speed events are difficult to capture
both by water and atmospheric measurements since they are

sporadic and the strong weather conditions might limit the
possibility of sampling.

Based on the results presented in this study, we show
that high frequency measurements of CHy are a useful
tool for direct flux estimations in the marine environment
if the technical limitations are overcome. This technique
can supply information about the net transport of the gas
across the air-sea interface without using parameterizations.
However, strict quality control criteria are required to ensure
the good quality of the data and the fulfillment of the EC
requirements. Long-term CHy data from Ostergarnsholm
station could be wused along with other monitoring
infrastructures to establish the methane budgets in the
Baltic Sea.

5. CONCLUSIONS

Air-sea FCHy calculated in this study using the EC method are, to
our best knowledge, the first continuous measurements of FCHy
in the Baltic Sea. We present 1 year of direct FCH, using EC
measurements from the land-based station at Ostergarnsholm
site. The annual cycle of FCH,4 seems to be controlled by the
seasonality of AC, which at the same time is mostly modulated by
the seawater concentrations. Further analysis of the impact of AC
on FCH, based on simultaneous measurements is still required.
Additionally, the wind seems to play an important role on the
CHy4 gas exchange under high wind speed conditions.

The results presented here support previous analyses
suggesting that the coastal regions are highly active areas that
can contribute to a great extent to the oceanic CH4 emissions.
Small availability of CH4 data in the marine environment is the
main restriction to better understand of the processes involved
on air-sea CHy exchange. Therefore, we suggest the use of EC
measurements for the estimation and monitoring of FCHy4 in the
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marine environment. EC measurements can contribute to the
analysis of the mechanisms controlling the air-sea gas exchange,
to establish regional carbon and methane budgets in the Baltic
Sea, and to improve parameterizations of the gas transfer velocity
in the region.
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