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ABSTRACT

The ocean’s sinks and sources determine the concentration of methane in the water column and by that
regulating the emission of methane to the atmosphere. In this study, we investigate how sensitive the sea—air
exchange of methane is to increasing/decreasing sinks and sources as well as changes of different drivers with
a time-dependent biogeochemical budget model for one of the shallow shelf sea in the Siberian Arctic, the
Laptev Sea. The applied changes are: increased air temperature, river discharge, wind, atmospheric methane,
concentration of nutrients in the river runoff or flux of methane from the sediment. Furthermore, simulations
are performed to examine how the large range in observations for methane concentration in the Lena River as
well as the rate of oxidation affects the net sea—air exchange. In addition, a simulation with five of these changes
applied together was carried out to simulate expected climate change at the end of this century. The result
indicates that none of the simulations changed the seawater to becoming a net sink for atmospheric methane and
all simulations except three increased the outgassing to the atmosphere. The three exceptions were: doubling the
atmospheric methane, decreasing the rivers’ concentration of methane and increasing the oxidation rate where
the latter is one of the key mechanisms controlling emission of methane to the atmosphere.
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1. Introduction the atmosphere, the so-called ‘oceanic methane paradox’
[Reeburgh (2007) and references therein], that is, the pro-
duction of CHy4 in aerobic environment. In addition to
this production of CHy4 in the surface water, CHy is also
produced in the sediment both by microbial and thermo-
genic methanogenesis. This results in a diffusion of CH,
from the sediment into the water column where it is affected
by horizontally and vertically transport as well as dilution,

Methane (CHy) is an important greenhouse gas that has
increased in the atmosphere from around 700 ppb in the
mid-eighteenth century to about 1900 ppb at present time
(Forster et al., 2007). This increase is attributed to anthro-
pogenic sources such as enteric fermentation, rice agricul-
ture and biomass burning, and the anthropogenic sources
account for more than 60% of the total global emission
(Judd et al., 2002; IPCC, 2013). However, the largest single
natural source of CHy to the atmosphere is wetlands. The
atmospheric CH4 has a lifetime of about 8-12 yr (IPCC,
2013) with the major sink being the oxidation of CHy4 to
carbon dioxide (CO,) and water vapour through a reaction
sequence initiated by a hydroxyl (OH) radical.

Another natural source of CH4 to the atmosphere is the
ocean. The concentration of CH, in the ocean’s surface
water has been widely observed as supersaturated relative to

creating a spatial variability of the CH, concentration
(Damm et al., 2005). Further, in shallow shelf seas, bubble
ebullition from the sea floor to the water column has been
observed (Yusupov et al., 2010; Shakhova et al., 2014).
The only known process in the water column depleting
the concentration of CHy is the bacterial oxidation of CHy
to CO,, which consequently decreases the flux of CH4 to
the atmosphere.

The supersaturation and a subsurface maximum have
been observed in the Laptev Sea (Cramer and Franke,
2005). The Laptev Sea is one of the shallow shelf seas in
the Siberian Arctic with an average depth of 48 m and an
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from the large amount of freshwater flowing into the sea,
mainly from the Lena River. The annual average freshwater
discharge from the Lena River is 525 km® y ~' (Gordeev
and Sidorov, 1993) of which about 75-95% occurs during
spring break up in late May or beginning of June, owing
to the melting of ice and snow in the river and drainage
basin. The rivers are an important link between the land
and ocean as they transport different constituents, such as
CH, and nutrients as well as organic matter, recently at
an increasing rate as permafrost degrades (Peterson et al.,
2002; Frey et al., 2007; Frey and McClelland, 2009; Rawlins
et al., 2009).

In this area, the permafrost is mainly continuous both on
land and below the seafloor (subsea) (Romanovskii et al.,
2005). The subsea permafrost is to a great part continuous
to the 50-60 m isobath, with a shift to discontinuous
further to the north (Romanovskii et al., 2005). The subsea
permafrost was formed during cold periods in the Qua-
ternary when the sea level was low. Holmes and Creager
(1974) determined the sea level 50-55 m lower than today
about 15000 yr B.P. with the shoreline close to the shelf
edge. This subsea permafrost is proposed to exist down
to about 500 m depth (Cramer and Franke, 2005) and may
contain a large amount of methane hydrates (Kvenvolden
et al., 1993a) as well as organic matter that can decay
to CHy and CO,. Methane hydrates are ice-like solids
consisting of a lattice of hydrogen-bonded water molecules
forming cage-like structures that contain CH, gas. If, or
when the permafrost thaws, the CH4 with different origin
will probably escape from the seafloor up to the water
column through diffusion or bubble ebullition and in this
shallow sea, even further into the atmosphere.

The subsea permafrost is more vulnerable to increasing
temperature than on-land permafrost because the average
annual temperature of the upper 100 m subsea sediment
layer is close to thawing. The water temperature close to
the sediment is constantly around zero degrees and the
sediment is thereby not exposed to the strong freezing
in winter that the terrestrial permafrost is. Furthermore,
warmer waters of Atlantic origin have been observed to heat
the near-bottom Laptev Sea water up to the 20 m isobath
(Dmitrenko et al., 2010). These warmer waters have the
potential to thaw the subsea permafrost but according
to Dmitrenko et al. (2011) this thawing is a process of
centuries, but may results in eroding seafloor and release of
CHy (Shakhova et al., 2010a). In addition to the top-down
heating, there is also bottom-up heating where geothermal
heat flux thaws the permafrost from beneath and creates
open taliks under fault zones. This, together with the top-
down heating, can trigger CH, release from the sediment.

To investigate how the sea—air exchange is affected
by changes in sinks and sources as well as drivers, a
time-dependent biogeochemical budget model following

Wahlstréom et al. (2012), including the carbon system and
CHy, has been applied for the Laptev Sea. Sensitivity tests
have been performed to assess how the sea—air exchange
of CHy4 responds to different drivers. Further, a combined
idealised or ‘worst case scenario’ has been carried out.
These analyses are performed to investigate how sensitive
the CH, sea—air exchange is to changes in the envir-
onment, rather than calculating the exact quantitative
effect. In this study, we focus on the fate of dissolved
CHy in the water column. The release of CHy from the
sediments due to ebullition (Shakhova et al., 2014) is not
addressed.

2. Method

2.1. General

A time-dependent biogeochemical budget model was
developed for the Laptev Sea (Wéahlstrom et al., 2012),
which in this study has been further extended with a
differential equation for CH4. The model uses the equation
solver PROBE (PROgram for Boundary layers in the
Environment), a well-documented program for studies of
lakes and coastal seas (Omstedt et al., 1994, 2009; Omstedt,
2011; Shaltout and Omstedt, 2012), which is based on 14
differential equations. The generic form of these differential
equations is:
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where ¢ is the dependent variable, 7 time, z vertical
coordinate, W (m s ~ ') vertical water velocity, Iy (m?s™h
the exchange coefficient and S is the source and sink term
for the dependent variable. The first term on the left in
eq. (1) is the change in time, the second term vertical advec-
tion and the first term to the right represents turbulent
diffusion.

The 14 differential equations are divided into six equa-
tions for physics and eight for biogeochemistry, including
CH,. The physical part constitutes equations for momen-
tum, heat, salinity and two equations for turbulence (tur-
bulent kinetic energy and its dissipation rate). Except for
CHy, the biogeochemical part consists of equations for
dissolved inorganic carbon (DIC), dissolved organic carbon
(DOC), total alkalinity (TA), nitrate (NO;), phosphate
(POy), oxygen (O,) and a simplified primary production
with one phytoplankton. DIC is defined as the sum of
H,CO;, HCO5~, CO% ~ and CO, (aq).

The model covers 50 m depth and has a vertical re-
solution of 48 layers with the water surface and sedi-
ment as the boundary layers. The model used in this
study has been improved compared to earlier versions
(Wahlstrom et al., 2012, 2013) with a parameterisation
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for the mineralization of phytoplankton in the sediment
(M) according to:

M

sed

= A, PeBy>T) )

where A, is the rate constant (0.1 d 1), B, is the constant
for temperature dependence (0.05°C '), T the tempera-
ture and P the concentration of phytoplankton in the
sediment. These constants are adjusted for the model.

The model is forced by meteorological data: air tem-
perature, horizontal wind components (u and v), total
cloudiness and relative humidity. These data were provided
by NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,
and was downloaded for every sixth hour at 77.5°N, 125°E,
from the website http://www.esrl.oaa.gov/psd/ (Kalnay
et al., 1996).

The model has an estuarine circulation where the inflow
of freshwater from the river mixes with incoming high
saline deep-water. This mixed surface water flows out of
the model domain by geostrophic controlled outflow and
Ekman transport, where the latter is dominating and thus
the circulation is mainly wind driven, which corresponds
with observations (Guay et al., 2001; Dmitrenko et al.,
2008). The discharge and properties of freshwater input
to the Laptev Sea were taken from the Lena River, the
dominating inflow to this sea. The observation data for the
Lena River are restricted, and therefore the discharge were
calculated as climatological monthly average for the period
1976-1994 from R-ArcticNet, http://www.r-arcticnet.r.nh.
du/v3./Points/P6343.html (Lammers et al., 2001). Due to
the limited number of observations, it is impossible to take
interannual variations into account.

The discharge exhibits a large seasonal variation with
small flow between November and May when the river is
ice covered. In June, a large peak develops emerging from
the melting of ice and snow in the river and drainage basin,
which in the model peaks on June 1 each year. After the
maximum in June, the discharge decreases almost linearly
until it reaches the low winter values in November. The
riverine properties considered are heat, salinity, phyto-
plankton, O,, NO;, POy, DIC, DOC, TA and CHy,.

2.2. Sensitivity experiments

The sensitivity experiments are compared with a hindcast
simulation driven with present day forcings; the latter
denoted ‘standard case’ hereafter. The purpose of this study
is to assess potential changes in the net sea—air exchange of
CH, in the Laptev Sea, caused by climate changes (‘indirect’
changes), but also to test various measurements in the
Arctic Ocean described in the literature (‘direct’ changes).
Finally, a ‘worst case scenario’ simulation is performed.
Changes are added directly to the standard case without

considering any gradual modification that may occur in
reality. Hence, the importance of different drivers rather
than the exact quantitative impact is assessed.

In this subsection, the different drivers are outlined.
Firstly, the standard case representing present day settings
(Section 2.2.1.) and secondly ‘indirect’ changes (Section
2.2.2.) including increased atmospheric temperature or
CHy, increased river discharge, increased riverine nutrient
(NO; and POy) loads or increased wind speed are described.
The magnitudes of the changes amount to values projected
in climate change scenarios for the end of the 21st century.
Third, ‘direct’ changes (Section 2.2.3.) consisting of differ-
ent observed CHy4 concentration in the Lena River runoff
as well as oxidation rate or increased flux from sediment are
discussed. These sensitivity experiments are performed to
assess how the net sea—air exchange is affected by different
estimates of concentrations and fluxes in the literature.
Finally, the ‘worst case scenario’ is presented (Section
2.2.4.) where the combined effects of changing drivers are
studied (air temperature, wind, river discharge, concentra-
tion of CHy in the runoff and flux from the sediment).

2.2.1. Standard case. The concentration of CHy4 in the
model is affected by oxidation, flux from the sediment,
transport with the river discharge, temperature, aerobic
production in the subsurface layer and sea—air exchange at
the surface. The flux of CH,4 between the surface water and
the atmosphere is calculated according to eq. (3) during ice-
free conditions. If the sea is ice covered, the flux is reduced
to 5% of that calculated by eq. (3), to account for cracks
and polynyas (Wahlstrom et al., 2013). The sea-air
exchange of CHy, F, is described as a function of the
difference between the concentration of CHy in the surface
water and the air, AC, and the transfer velocity for CHy, k,
according to Wanninkhof (1992):

F = kAC 3)

k=031 Wz,lzﬂ @)
C

The coefficient 677 is the Schmidt number for CH, at
20°C and salinity 35 (Wanninkhof et al., 2009). W (m s ")
is the wind speed calculated from the horizontal wind
components # and v (x and y directions) and Sc (non-
dimensional) is the Schmidt number for CH4 as a function
of temperature (Jihne et al., 1987, Wanninkhof, 1992).
These are calculated as:

W =i+ 12 (5)

Sc =2039.2 — 120.31 T +3.4209 T2 + 0.040437 T° (6)

where
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By definition, the sea—air flux of CHy4 from the ocean to
the atmosphere is positive, that is, positive and negative
values mean outgassing and uptake by the water, respec-
tively (Wanninkhof et al., 2009).

In order to parameterise the subsurface maximum from
microbial CH,4 production observed in the Laptev Sea,
the formulation for growth of free bacteria from Kantha
(2004) was utilised with a rate constant of 0.03 d ~! for the
production of CH, from the bacteria (Laroche et al., 1999;
Lefevre et al., 2002). The constants of the formulation for
bacteria growth were adjusted to get a realistic value for the
subsurface maximum. The oxidation of CHy4 in the water
column follows first-order kinetics (Ward and Kilpatrick,
1990; de Angelis and Scranton, 1993; Kitidis et al., 2010),
which is consistent with the formulation in the model.
The oxidation rate constant was applied to 4 x 10 =% h !
estimated by Lorenson and Kvenvolden (1995) in the
Beaufort Sea, Alaska. Although the constant oxidation rate
is a simplification, this approach was applied to investigate
how different observed rates affect the sea—air exchange.
The concentration of CH,4 in the river water was set to
20 nmol L !, which is the upper limit from observations
of Semiletov et al. (2011), but the value is in the lower
part observed by Bussmann (2013). The flux from the sedi-
ment was taken from Shakhova et al. (2005) and the atmo-
spheric pCH, values were downloaded data from the
National Oceanic and atmospheric Administration (NOAA),
Point Barrow, Alaska http://www.esrl.noaa.gov/gmd/
dv/iadv/graph.php?code=BRW&program=ccgg&type=ts
(Dlugokencky et al., 2012).

2.2.2. ‘Indirect’ changes. Increased air temperature: The
increased air temperature case represents atmospheric
heating due to increased atmospheric partial pressure of
CO; in climate model scenarios. In this study, we focus on
the average result from the B2 emission scenario for this
area, with a 4°C temperature increase in the atmosphere
(ACIA, 2005) This 4°C rise increases the water tempera-
ture, lengthens the ice-free summer season with earlier ice-
melt and later sea-ice formation in autumn as well as affects
primary productivity (Markus et al., 2009; Wahlstrom
et al., 2013). The longer ice-free season also gives an
elongated period for the sea—air exchange of CH4 as well
as reduced time for CH4 accumulation under the ice and,
consequently, less CHy is oxidised to CO,. It also creates
a longer period for the light to penetrate into the surface
water, giving an extended growth season for the pri-
mary producers (Arrigo et al., 2008). Furthermore, the
primary productivity is temperature dependent. Increasing
primary production with increasing temperature enhances
the subsurface maximum of CH, in the model. In addition,

the higher water temperature decreases the solubility of
CHy, increasing the outgassing even further.

Increased river discharge: In northern latitudes, a warmer
climate amplifies the hydrological cycle (precipitation
minus evaporation, snowmelt, etc.) and, as a consequence,
the river discharge shows a positive trend (Peterson et al.,
2002; Rawlins et al., 2009). Subsequently, the flux of
different chemical constituents (e.g. CH4 and nutrients)
to the sea increases with the same percentage. In addition,
the halocline gets stronger with the added freshwater in
the summer affecting the primary productivity. In this case,
an assumption of 25% increase in river discharge is imple-
mented, which is the upper limit of the ACIA (2005)
scenarios.

Increased nutrients in river runoff: How the thawing of
the permafrost will affect the Siberian rivers’ concentration
of nitrate is uncertain (Frey et al., 2007) but the concentra-
tion of phosphate is assumed to increase due to mineral
weathering in soil waters (Frey and McClelland, 2009).
This will probably affect the primary productivity in
the Laptev Sea since one of the limiting factors is phos-
phate (Anderson et al., 2009). To simulate the methane’s
sensitivity to increasing nutrient loads, a doubling of the
concentration of nutrients is applied to the model. This is
probably an extreme scenario but gives an idea how the
net sea—air exchange of CHy reacts to this perturbation in
the environment.

Increased wind speed: The cyclonic activity has increased
north of Siberia since the mid-1960s (Maslanik et al., 1996;
Serreze et al., 2000). However, future projections for the
end of the 21st century do not agree in the magnitude of the
changes in mean wind speed, direction or extremes (ACIA,
2005). They indicate a possible increase in storm intensity
regionally, but also extremes show no consistent changes
over the entire Arctic. Hence, in this sensitivity experiment
we assume arbitrarily that the wind speed is increased by
10% to illustrate the impact of systematic wind changes on
wind-dependent processes such as Ekman driven circula-
tion, ice advection, vertical mixing and the sea—air ex-
change of gases. This increase by 10% is regarded as an
upper limit in future projections.

Increased pCH  in the atmosphere: In this last case for the
‘indirect’” changes, the downloaded atmospheric values for
CH, are doubled.

2.2.3. ‘Direct’ changes. Changed concentration of CH, in
river runoff: The Lena River has the second largest delta in
the world, which is located in the continuous permafrost
region. Measured CH,4 concentrations in this area vary
considerably. For instance, Bussmann (2013) observed CH,
concentrations of up to 1854 nmol L~ ! in 2010 in a creek
draining from the permafrost soil into the Lena River.
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The observed concentrations of CHy4 in the Lena River,
delta and estuary vary from 5 up to over 600 nmol L ~ ' and
decrease downstream (Shakhova et al., 2007; Semiletov
et al., 2011, 2012; Bussmann, 2013). To examine the effect
of observed CH,4 concentration in the river discharge on the
sea—air exchange as well as possible increases due to poten-
tial permafrost thaw, three cases with different concentra-
tions in the river runoff (5, 60 and 540 nmol L") are
compared with the 20 nmol L ™" in the standard case.

Increased flux of CHy from sediment. Thawing and
degradation of the subsea permafrost are likely to occur
but whether the warming is caused by the submergence
~8000 yr B.P. or the recent Arctic climate change is
under debate (Petrenko et al., 2010; Shakhova et al.,
2010a; Dmitrenko et al., 2011). Observations of ebullition
(Yusupov et al., 2010) and elevated bottom concentrations
of CHy4 (Shakhova et al., 2010b) have been detected as
possible indication of eroding seafloor resulting in increas-
ing release from the sediments. In this study, the ebullition
of CHy is not considered and only the fluxes of dissolved
CH,4 are modelled. In an attempt to estimate the uncer-
tainties caused by the unknown sediment-water fluxes of
dissolved CHy, a twofold increase of the flux of CH4 from
the model’s lower boundary is performed.

Changed oxidation rate in the water column: Bacterial
oxidation of CH4 to CO, under acrobic conditions is the
only known sink for CHy in the water column and is
therefore an important factor for the sea—air exchange.
With a high oxidation rate, the concentration of CHy is
reduced and the outgassing to the atmosphere decreases
and vice versa. In this attempt, two observed oxidation rate
constants are compared with the chosen standard case rate
constant (4 x10~* h~') from Lorenson and Kvenvolden
(1995). The higher rate constant is measured by Kitidis
et al. (2010) to 3.8 x 10 "> h ™! in the surface water in the
Baffin Bay in July 2005. The lower value, 0.02 y '
(23 x107% h~Y), is observed by Rehder et al. (1999) in
the North Atlantic and Labrador Sea in May—June 1997.

2.2.4. ‘Worst case scenario’. The ‘worst case scenario’
simulation combines several of the above-mentioned
changes in drivers and is intended to study the combined
effect on the Laptev Sea under increased greenhouse
gas concentrations in the atmosphere. The ‘worst case
scenario’ includes an increase in air temperature with 4°C,
25% increased runoff and 10% increased wind speed. The
elevated atmospheric temperature also thaws the perma-
frost and increases coastal erosion supplying large amount
of old soils containing CH,4 into the rivers and shelf seas;
therefore, a threefold increase in the river runoff’s concen-
tration of CHy4 is applied. Furthermore, the flux from the
seafloor is doubled to consider possible seafloor releases.

The oxidation rate constant is not changed in this scenario
in order to investigate how the boundary affects the con-
centration of CHy4 in the water column and thereby the sea—
air exchange.

3. Results

In this section, the model results for the standard case
(Section 3.1.) representing present day settings are pre-
sented followed by the results from simulations with
‘indirect’ (Section 3.2.) and ‘direct’ changes (Section 3.3.).
Finally, the results from ‘worst case scenario’ are presented
(Section 3.4.).

3.1. Standard case

3.1.1. Depth-profile of the CH,. In Fig. 1, depth-profiles
of CH,4 from observations in the Laptev Sea are compared
to model output, with (Fig. 1a and c) and without (Fig. 1b
and d) in situ production creating a subsurface CHy
maximum. The observations (Fig. 1a and b) are from an
area of 75.20-76.18°N and 121.36-122.17°E, downloaded
from the database ‘PANGEA Data Publisher for Earth
& Environmental Science’ (Damm et al., 2010). Model
outputs are daily averages for July—September 2000—
2009 (Fig. 1c and d). The in situ production of CHy4 in
the Laptev Sea is unknown, but there are observations
indicating that this process is possible in this area (Cramer
and Franke, 2005), and therefore we investigate in this
study the impact of a potential in situ production (Fig. 1c).

Comparing results of a model simulation with in situ
production (Fig. 1¢) versus observations (Fig. 1a), we found
profiles with similar shape that have lower concentrations at
the surface, increasing concentrations with depth down to
the subsurface maximum and then decreasing concentra-
tions further to the bottom. Subsurface maxima are present
in both observations and model output, although maxima
in observations are more pronounced compared to model
results. Without the in situ production (Fig. 1b and d),
the surface concentration is also low but increases with
depth down to 20—25 m. The subsurface maximum is absent
with an almost constant concentration below the halocline
towards the sea floor where it is slightly increased due to
the supply from the sediments.

3.1.2. Surface waters. The model output of surface water
temperature, salinity and CHy is compared with observa-
tions (Fig. 2). The model output for the three constit-
uents is at 4.5 m depth and the temperature and salinity
are compared to observed data collected at 4—5 m depth
and averaged over an area limited by 115 to 135°E and
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Fig. 1.  (a) Observed depth-profile of CH4 in the Laptev Sea in September 2007 from the PANGEA database, average (red line) and STD

(pink area). (b) Observed depth-profile for one profile of CHy in the Laptev Sea, September 2007, from the PANGEA database. (c)
Modelled daily average of CHy (blue line) with in situ production for July—September 2000—-2009 and the STD (blue area). (d) The same as
(c) but without in situ production. Note the different scales at the x axes.

74 to 77°N in the Laptev Sea. The observations for the CHy
values are estimated from the literature between 121-134°E
and 69-76°N (Cramer and Franke, 2005; Shakhova et al.,
2005, 2009, 2010a; Damm et al., 2010).

The model captures the annual cycle of the physical and
chemical constituents well (Fig. 2). However, the observed
variations of temperature are captured better than those
of salinity in accordance to Wahlstrom et al. (2012). This
result is explained by the fact that salinity is much more
dependent on the location relative to the freshwater source
than temperature. Considering that the model represents
an average (horizontal) water column represented by one
depth-profile and the observations scarcity and large
sampling-area, the model gives a realistic annual cycle
with salinities just above 30 during winter and between
10 and 20 during summer.

Observations for CH, in the Laptev Sea are very few and
even less are available for the research community (Fig. 2c).
The model captures the observed variability of CHy4 except
for the values during the late 1990s. This can be explained
by the concentration of CHy4 in the model’s river discharge,
which may be too high during the late 1990s affecting
the surface water giving the higher value for the model.

3.1.3. Time-series. The model describes a distinct seaso-
nal variability with pronounced summer and winter periods
for the surface water (Fig. 3). The stratification starts
in late May or beginning of June and depends mostly

on the increasing freshwater from the river discharge but
also from the melting of sea-ice (Fig. 3a). This fresh-
water decreases the salinity and establishes a halocline
at 10-25 m, which agrees with observations from Bauch
et al. (2013), and this halocline hampers the vertical mixing
of the water column. In September—October, the salinity
increases as a combined effect of decreasing river discharge
derived from the freezing of the rivers and their deltas
as well as brine release from sea-ice formation that leads
to convective mixing. From November to April, the water
column is well mixed and the salinity is stable. The ther-
mocline is formed at the same time as the halocline when
the sea-ice disappears and the solar radiation starts to
warm up the surface waters (Fig. 3b). The maximum sur-
face temperature is in July—August and starts to decrease
again, when the atmospheric cooling begins in autumn.
The seasonal signal is also characteristic for the con-
centration of CH,4 with a well-mixed water column during
winter. The surface water is supersaturated relative to the
atmosphere from the accumulation of CH4 under the sea-
ice (Kvenvolden et al., 1993b; Semiletov, 1999) hampering
the flux of CH4 to the atmosphere (Fig. 3c). When the
ice disappears in late May or beginning of June, the super-
saturation in the surface water creates an instant outgass-
ing to the atmosphere, decreasing the concentration in the
surface water. The flux of CH4 proceeds as long as there
is open water but the stratification impedes the subsur-
face surplus to mix up into the surface water and further
into the atmosphere. The subsurface maximum of CHy in
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the model is formed at 20 m depth from the bacterial
release of CH4 as the metabolic by-product and the
increased concentration mixes into adjacent water masses.

3.1.4. The sea—air exchange of CH,. The concentration
of CHy4 in the model’s surface layer (Fig. 4a) has a seasonal
signal and is supersaturated all year round with an average
value around 16 nmol L ~! from December to May and with
lower, but still supersaturated, values during summer when
there is open water and the sea—air exchange occurs (Fig.
4b). In late May or beginning of June, the sea-ice disappears
and the concentration of CH, decreases rapidly due to
outgassing from the supersaturated seawater to the atmo-
sphere (Fig. 4b). In addition, the supersaturated spring
flood further enhances the flux to the atmosphere. During
summer, the outgassing is an ongoing process (Fig. 4b) with
an average CH,4 concentration around 6 nmol L' and
increasing during autumn until it reaches its winter values in
December. In autumn, the brine release from ice produc-
tion leads to convective mixing, transporting the CH4 up
from deeper water, and the concentration gradient between
the deep and surface water disappears. This enhancement
creates an increased supersaturation and a way for the
deeper CH4 to be mixed up into the surface water and
further into the atmosphere, when the seawater is ice-free.

In Fig. 5, the standard case monthly average net sea—
air exchange of CH, from May to October for the 18-yr
(1992-2009) is compared with the different sensitivity
experiments. In May, the net sea—air exchange for the
standard case is relatively low but increases in June when
the sea-ice disappears and the large spring pulse of river
discharge enters the model domain. The outgassing is fairly
stable during the summer month, reaching a low value in
October when the ice starts to form.

The average net sea—air exchange for the 18 yr modelled
ice-free period is +6.0 (+1.4) pmol CH; m~2 d~!
(standard deviation in brackets) (Fig. 6 and Table 1), with
a maximum of 68 pmol CH, m ~>d ~! (Fig. 4b). Hence, the
sea is a source of CHy to the atmosphere. Shakhova and
Semiletov (2007) calculated area weighted average sea—air
exchange for the Laptev Sea and the East Siberian Arctic
shelf for 90 d in 2003 to +7.3 pmol CH4 m =2 d ™' and
in 2004 to +4.5 pmol CH, m ~2d ~". This value is in good
agreement with the modelled average net sea—air exchange
for the standard case during summer. Taking all the months
into account the modelled net average annual flux of CHy
to the atmosphere, calculated with an area of 498000 km?
(Jakobsson, 2002), is estimated to +0.52 (4+0.07) Gmol CHy4
y U [+7.29 (+£0.98) Gg CH4 y~!] (Table 1). This result
is less than the estimation by Shakhova et al. (2010a), but
theirs calculation is for the whole ESAS (the Laptev Sea,
East Siberian and the Russian Chukchi Sea) while this
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(a) Daily mean simulated concentration of CHy in the surface layer for the 18-yr (1992-2009) model simulation with present

drivers (green line) and the average for the same period (red line). Included are the atmospheric pCH, dissolved in seawater for 1992 (blue
solid line) and 2009 (blue dotted line) at Point Barrow, Alaska. (b) The corresponding model output of sea—air exchange of CHy for the
same period (black lines), with the average value shown by the red line. Positive values denote fluxes from the sea to the air.
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study focus on the Laptev Sea only. Rhee et al. (2009)
estimated the global oceanic emission to 37-75 Gmol
CH, y ' (0.6-1.2 Tg CH4 y~ ') based on observations
from the Atlantic Ocean, whereas Bates et al. (1996)
calculated it to 25 Gmol CHy4 yf1 from observations in the
Pacific Ocean. With respect to these estimates, the Laptev
Sea contributes to an annual emission of 0.7—1.4 and 2.1%,
respectively, of the global oceanic emission. Considering
that, the Laptev Sea constitutes 0.1% of the global oceans
area and possible ebullition is not included in this computa-
tion, it is a relative high amount of outgassing from this
relatively small area.

3.2. ‘Indirect’ changes

3.2.1. Increased air temperature with 4°C. The increased
temperature results in an enhanced outgassing of CHy to the
atmosphere. The outgassing is most pronounced in May,
September and October compared to the standard case
(Fig. 5) when the prolonged ice-free season permits the flux
of CH,4 between the atmosphere and the ocean. The average
net sea—air exchange for the 120 summer days is +6.7
(+1.4) pmol CH4m ~2d ~! (Fig. 6 and Table 1), an increase
with 0.7 (+0.8) pmol CH, m ~2d ~! compared to the stan-
dard case. The increase for the 120-d period is statistically
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Modelled annual average net sea—air exchange (star) and STD (bars) over 18 yr (1992-2009) for the ice-free period for the

different experiments. The different simulations are also listed in Table 1 with numbers. Note the two y-axes.
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Table 1. Modelled average net seasonal (ice-free period) and annual average net sea—air exchange over 18 yr (1992-2009) for different
scenarios
Average net sea—air CHy,  Average net sea—air CH;  Annual average  Annual average
exchange during ice-free exchange during ice-free net sea—air CH;  net sea—air CHy
period period exchange exchange
Drivers No Fig. 6  (umol CHym~2d~") (mg CHym~2d™" (Gmol CHyy~™")  (Gg CHyy™")
Standard case 1 +6.0+1.4 +0.08 +-0.02 +0.5240.07 +7.2940.98
‘Indirect’ changes
atmosphere 4 go 2 +6.7+14 +0.0940.02 +0.6140.08 +8.56+1.12
25% increased runoff 3 +6.4+1.5 +0.0940.02 +0.5440.08 +7.57+1.12
Nutrients™Ve * 2 4 +6.3+1.5 +0.09+0.02 +0.54+0.07 +7.574+0.98
10% increased wind 5 +6.4+1.6 +0.0940.02 +0.5640.07 +7.854+0.98
speed
pCHgtmosphere s 5 6 +4.4+1.1 +0.064+0.02 +0.384+0.05 +5.33+0.70
‘Direct’ changes
CH{¥" =5 nmol L™! 7 +4.0+1.5 +0.0640.02 +0.3940.07 +5.4740.98
CHS¥" =60 nmol L~ 8 +11.2+3.0 +0.16+0.04 +0.86+0.09 +12.06+1.26
CHYr =540 nmol L ! 12 +73.9+31.3 +1.044+0.44 +4.9240.31 +69.01 +4.35
Flux from sediment * 2 9 +8.8+2.2 +0.124+0.03 +0.84+0.14 +11.78+1.96
Oxidation 10 +0.4+0.8 +0.0140.01 +0.0140.02 +0.1440.28
rate=3.8x10">h~!
Oxidation 11 +8.3+2.0 +0.124+0.03 +0.76 +0.10 +10.66+1.40
rate =23 x 10 ¢ h~!
‘Worst case scenario’ 13 +17.84+3.1 +0.254+0.04 +1.554+0.17 +21.74+2.38

The results are grouped in scenarios with ‘indirect’ and ‘direct’ changes. The annual average net sea—air exchange is calculated for the
Laptev Sea with an area of 498000 km? (Jakobsson, 2002). The bold numbers in column 3 are statistically significant at the 95%
significance level, and blue numbers refer to decreasing values compared with the standard case.

significant at the 95% confidence level. Calculated on an
annual basis, the net average sea—air exchange is +0.61
(+0.08) Gmol CH, y ' [+8.56 (+1.12) Gg CH, y '], an
increase with 0.09 (£0.03) Gmol CH, y ~' [+1.27 (+0.14)
Gg CH, y '] compared to the standard case (Fig. 6 and
Table 1).

3.2.2. Increased river discharge with 25%. The extra
nutrient loads enhance the primary productivity increasing
the CH,4 concentration in the subsurface maximum. This
raise, together with the direct load of extra CHy in the
runoff, increases the average net sea—air exchange for this
case under the 120 summer days (Fig. 6 and Table 1), but
the increase is not statistically significant.

3.2.3. Double nutrients in river runoff. Doubling nitrate
and phosphate concentrations in the river flow results in
almost the same increase in the net sea—air exchange as the
increase in the river discharge. Consequently, this case is
also not statistically significant (Fig. 6 and Table 1).

3.24. Increased wind speed by 10%. An amplified wind
speed with 10% does not give a statistically significant

change (Fig. 6 and Table 1). It requires a 13% increase
to reach a statistically significant change giving a net
outgassing of +7.2 (£2.0) pmol CH; m 2 d~'. The
net outgassing for this case is higher in all ice-free months
(Fig. 5), resulting from both an increase in the sea—air
transfer velocity as well as in primary productivity. The
increased primary productivity is a result of enhanced wind
mixing bringing up nutrients to the surface water promot-
ing the growth of phytoplankton. The net average annual
flux for the 13% increase is calculated to +0.64 (£0.07)
Gmol CHy y ~' [+8.98 (+0.98) Gg CH, y ']

3.2.5. Double pCH, in the atmosphere. The amplified
concentration of CHy in the atmosphere decreases the
sea-to-air flux, a result from the reduced gradient between
the ocean and the atmosphere. Consequently, the seawater
concentration of CHy increases. The modelled change in
average net sea—air exchange for the summer months is
statistically significant, yielding a value of +4.4 (+1.1)
pmol CHy m ~2 d ~! (Fig. 6 and Table 1), a decrease with
1.6 (£0.3) pmol CH, m ~2 d ~! compared to the standard
case. As expected, the flux to the atmosphere is lower in all
the summer months compared to the standard case, with
the largest difference in August as the concentration of
CHy is at is minimum (Fig. 5). Thus, the annual net average



SEA-AIR EXCHANGE OF METHANE IN THE LAPTEV SEA 11

flux in this case is decreasing with 0.14 (£0.02) Gmol
CH,y ' [+1.96 (£0.28) Gg CH, y '] to +0.38 (£0.05)
Gmol CHy y ' [+5.33 (£0.70) Gg CH, y '] (Table 1).
This sensitivity experiment is not adequate since it is not
representing real conditions, because all other parameters
except the atmospheric CH4 concentration are kept con-
stant as in the standard case. However, this simulation
likely illustrates the integrated effect of the increase in the
atmospheric concentration of CH4 over a longer time and
not on a daily basis.

3.3. ‘Direct’ changes

3.3.1. Changed concentration of CHy in river runoff.
With the concentration of 5, 60 and 540 nmol L~! in
the river runoff, the average net sea—air exchange for the
120 d is +4.0 (+1.5), +11.2 (+3.0) and +73.9 (£31.3)
pumol CH, m~2 d !, respectively. All three changes are
statistically significant (Fig. 6 and Table 1). Over the 365 d,
this gives a net outgassing to the atmosphere of +0.39
(£0.07), +0.86 (£0.09) and +4.92 (£0.31) Gmol CH4
y T [45.47 (£0.98), +12.06 (+£1.26), +69.01 (+4.35) Gg
CH, y ], respectively. The largest deviation in the flux
compared with the standard case is in June when the large
spring flood enters the sea (Fig. 5). The spring flood in June
emerges from the melting of ice and snow in the river
and drainage basin. The river melts from south towards
north and, consequently, the sea level rises as the melting
propagates northwards and a strong pulse of freshwater
enters the sea when the northernmost ice melts, creating a
strong stratification in the sea. After the maximum in June,
the runoff decreases almost linearly until it reaches its
winter values. This is reflected in the outgassing for the 60
and 540 nmol L ! cases. The outgassing increases drasti-
cally in June due to the spring flood and then decreases
as the discharge declined (Fig. 5), which may be an indi-
cation for the river runoff’s importance on the net sea—air
exchange. The 5 nmol L ™! case creates reduced outgassing
compared with the standard case, with highest value in
August but still lower than the standard case, which is
caused by the decreasing gradient between the seawater and
the ocean.

3.3.2. Increased flux of CH, from sediment. The higher
concentration supplied from the sediment is mixed up into
the water column enhancing the concentration of CH, all
the way up to the surface. This surplus of CH4 creates a
higher flux into the atmosphere in all summer months
compared to the standard case (Fig. 5). In wintertime, the
water column is well mixed and the CHy4 from the deep-
water accumulates under the sea-ice creating a strong

outgassing to the atmosphere during the ice break up
in spring. The result of the modelled average net sea—air
exchange for the 120 summer days is +8.8 (+2.2) pmol
CH,m ~>d ' (Fig. 6 and Table 1), a statistically significant
increase with 2.8 (4+0.9) pmol CH; m ~2 d ~' compared
to the standard case. The annual average outgassing is
calculated to +0.84 (+0.14) Gmol CH, y~' [+11.78
(£1.96) Gg CH, y '], an increase by 0.33 (+0.07) Gmol
CH, y ' [+4.49 (+£0.98) Gg CH4 y '] compared to the
standard case.

3.3.3. Changed oxidation rate in the water column.
Utilising the smallest chosen, first-order rate constant
(2.3 x107% h™") increases the CH, in the water column
and, as a consequence, the net sea-to-air exchange increases
with 2.3 (+0.8) pmol CH, m ~2d ! to +8.3 (+2.0) pmol
CH, m ~2d ! compared to the standard case, a statistically
significant increase. This gives an annual average value of
+0.76 (£0.10) Gmol CH, y ' [+10.66 (+1.40) Gg CH,4
y 1], an increase by 0.24 (£0.04) Gmol CH, y ~' [+3.37
(+£0.42) Gg CH, y '] compared to the standard case.

For the largest chosen, first-order rate constant
(3.8 x 1073 h™"), the average concentration of CH, for
the modelled 18 yr is undersaturated during the whole year
except for June—July when the large spring flood flushes
into the model creating supersaturated water. However,
the net sea-to-air exchange is still positive with a value of
+0.4 (+0.8) pmol CHy m 2 d ™!, a statistically significant
reduction with 5.6 (+1.6) pmol CH, m ~2 d ~'. The annual
average net outgassing for this case is +0.01 (£0.02) pmol
CH, y ' [+0.14 (£0.28) Gg CHy y '], a decrease with
0.51 (£0.07) Gmol CH,y ~'[+7.15(£0.70) Gg CHyy ']

3.4. ‘Worst case scenario’

The result for the combined future scenario simulation
is statistically significant with a net sea—air exchange of
+17.8 (£3.1) pmol CH4 m ~2 d !, an increase with 11.8
(+2.4) pmol CH, m~2 d~! compared with the standard
case (Fig. 6 and Table 1). The highest percentage increase
is calculated in May and October, originating partly
from the earlier sea-ice melt, which is a consequence
of the increasing air temperature, partly from the well-
mixed water column transporting the surplus of CHy from
the sediment up into the surface layer. In addition, the
increased wind speed contributes to this increase as it
enhances the transfer velocity (Fig. 5). However, the daily
outgassing is highest in June when the large spring flood
flushes into the model domain affecting both the concen-
tration of CHy4 but also triggers the primary productivity
increasing the subsurface maximum, which mixes up into to
surface water. After this maximum in June, the net sea—air
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exchange decreases slowly to its winter value. The annually
net average outgassing for the ‘worst case scenario’
increases with 1.03 (+0.10) Gmol CHy y ! [+14.45
(+1.40) Gg CH, y '] to +1.55 (+0.17) Gmol CH4 y '
[+21.74 (£2.38) Gg CHy y .

4. Discussion

The results show that the considered ‘direct’ changes have
a larger impact on the net sea—air exchange of CHy in
the Laptev Sea than the ‘indirect’ changes even if the
latter changes in the atmosphere (increased temperature
and CHy) are statistical significant at the 95% confidence
level and increase/decrease the outgassing from the ocean
to the atmosphere. All three ‘direct’ changes (the oxidation
rate, the concentration of CHy4 in the river runoff and the
CHy, flux from the sediment) are statistically significant.
With increasing air temperature, the season with open
water is extended and consequently a prolonged growth
season for the primary producers as well as an elongated
period for the sea—air exchange of CHy4 occurs (Arrigo
et al., 2008; Markus et al., 2009), increasing the net flux
to the atmosphere. Furthermore, with earlier sea-ice retreat
an even further increased CH, flux to the atmosphere is
expected as the accumulation of CHy under the ice is
limited and the time for oxidation to CO, is reduced,
creating a positive feedback to a warming climate. The
simulations reveal the importance of the oxidation rate
constant and crucial necessity to do in situ measurement of
the oxidation rate constant, not least for the modelling
community to catch the right concentration of CHy in the
water column. The oxidation rate constant has a large
impact on how much CHy is oxidised to CO, and,
consequently, how much CH,4 outgasses to the atmosphere.
Another unresolved factor for CHy is how the incoming
river runoff’s concentration of CH, affects the budget
and net sea—air exchange of CH, in the Laptev Sea.
The observed concentrations of CHy4 in the Lena River,
delta and estuary vary considerably in magnitude and
are observed to decrease from the river towards the open
sea, probably due to outgassing from the supersaturated
river water to the atmosphere (Shakhova et al., 2007;
Semiletov et al., 2011, 2012; Bussmann, 2013). Hence, the
role of riverine CH4 loads for the CH,4 concentration in
the Laptev Sea is unsolved, in particular if the permafrost
in the catchment area of the Lena River thaws and large
amounts of carbon reach the coastal zone. To estimate the
uncertainties of our study, the concentration of CHy in the
river runoff was increased by a factor three or 27 as well as
decreased by a factor four in an attempt to simulate how
river loads influence the net sea—air exchange of CHy.
If CHy4 in the inflowing river water decreases from 20 to

5 nmol L™, the flux to the atmosphere will be reduced
by 33% during the ice-free season. However, if concentra-
tions in the river are elevated to 60 or 540 nmol L ™', the
net sea—air fluxes will increase by 87 or 1130%, respec-
tively. In this sensitivity study, the latter is the largest
increase for the outgassing to the atmosphere. These
changes in concentration may provide an indication for
the rivers’ role for the CH,4 budget and for the net sea—air
exchange.

The third uncertainty factor is the supply of CH,4 from the
sediment. Since the mid-1980s, a warming of 2.1° in summer
has been recorded in the bottom water of the Laptev Sea
inner shelf with depths in the range of 0—10 m (Dmitrenko
etal.,2011). Itis not clear whether it is this recent increase in
temperature or if it is the warming initiated by submerging
~ 8000 yr B.P. that cause the observed ebullition (Shakhova
et al., 2014) and elevated bottom concentration of CHy.
This topic is out of the scope of the present study. Here, we
focus on the slower diffusion of dissolved CH, released
from the sediment and its impact on the net sea—air
exchange. The bubble plume from the sediment originating
from degrading permafrost is not considered in this study.
We assume that in case of ebullition a substantial amount
of the bubble flux from the shallow sea bottom reaches
the atmosphere unaffected within a short time. This latter
assumption depends on the specific features of the bubbles
as well as on environmental conditions (Judd et al., 1997;
Leifer and Patro, 2002). To test the sensitivity on the net
sea—air exchange, the flux from the sediment into the
bottom layer is doubled. We found that the concentration
of CHy in the whole water column increases due to vertical
mixing. Consequently, the flux to the atmosphere during
the ice-free season increases by 47%.

Cramer and Franke (2005) observed a subsurface max-
imum of CHy in the Laptev Sea generated from microbial
production in 1997, which to our knowledge is the only
published study of 8'*C¢yy4 in the water column for this area
determining the CHy sources. These observations indicate
the possibility of bacterial in situ production of CH4 in
this area. However, the in situ produced CHy4 has a lower
concentration than the CH4 supplied from the sediment
and is therefore often overshadowed by the higher concen-
tration from the sediment. In situ CH4 production was
suggested by Karl and Tilbrook (1994) where methanogens
within particulate biogenic materials produce CHy. This
production occurs in the depth of the pycnocline where
the organic material sinks and accumulates. Furthermore,
aerobic in situ production of CH, is proposed as the
metabolic by-product from bacteria utilising methylpho-
sphonate (MPn) or dimethylsulfoniopropionate (DMSP) as
a phosphate or carbon source, respectively (Karl et al.,
2008; Damm et al., 2010; Metcalf et al., 2012; Kamat et al.,
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2013). The in situ CH4 production in the surface water was
also described by Damm et al. (2008) from observations
in Storfjorden in the Svalbard Archipelago. In this study,
we investigate the impact of the hypothetical in situ CHy
production with the help of an additional experiment where
the bacterial production was removed from the standard
case (Fig. 1d). The results show that the bacterial produc-
tion in the standard case accounts for 36 and 27% of the
net air—sea exchange for the ice-free and annual periods,
respectively.

For the ‘indirect’ changes, we found statistically signifi-
cant changes in the net sea—air exchange for the 4°C rise
in air temperature and for the twofold pCHy4 in the atmo-
sphere. The other three experiments (increased river dis-
charge, increased riverine nutrient loads and increased wind
speed) did not result in statistically significant changes.
However, the wind speed is important for the sea—air
exchange (Shakhova et al., 2014), especially for ebullition.
According to our model results, an increase in wind speed
by 13% is required to obtain a significant increase at the
95% confidence level for the net sea—air exchange. This
increase would be accomplished after about 30 yr assuming
a trend in wind speed as estimated by Spreen et al. (2011)
for the Arctic Basin during the period 2000—-2009. For this
trend analysis, Spreen et al. (2011) used four different
reanalysis datasets.

A simulation for a ‘worst case’ future scenario resulted
in an increased outgassing to the atmosphere by almost
three times for the 120 ice-free days. Overall, the different
changes in this simulation contribute to an increased out-
gassing to the atmosphere due to the increased water
column’s concentration of CHy. The largest single con-
tribution to this increase is the threefold increase in the river
concentration of CH4. However, the annual average out-
gassing would have been 27% higher if the oxidation of CHy
to CO, had not acted as a sink on the CH,4 concentration.

This is, to our knowledge, the first attempt to investi-
gate how the net sea—air exchange of CHy is affected by
environmental changes or by different parameterisations
of processes. In the future, in situ measurements and model
improvement will provide us with even further under-
standing on how the different sources and sinks as well as
internal feedbacks influence the flux of CH4 to the atmo-
sphere. One important modification in the model is to
incorporate an oxidation rate constant that depends on
temperature and added supply, both from the river runoff
and sediment.

5. Conclusions

The Laptev Sea is one of the shallow shelf seas in the
Siberian Arctic, which act as a source of CHy4 to the

atmosphere. By utilising a time-dependent biogeochemical
budget model, the sensitivity of the net sea—air exchange
of CH,4 forced by different drivers is studied as well as a
future scenario. A validation show that the model repro-
duces realistic value of the CH, concentrations in the
water column, the sources and sinks as well as the sea—air
exchange of CHy in the Laptev Sea. The results indicate
that the rivers’ concentration of CH4 and the supply from
the sediment affect the sea—air exchange of CH,4 and can be
important factors for this process as well as the oxidation
of CH4 to CO, in the water column. However, the esti-
mations of CHy4 in the literature contain large uncertainties,
especially for the oxidation rate constant, which points
to the importance of additional in situ measurements of
these processes. The ‘worst case’ future scenario simulation
revealed an increasing outgassing of CH4 to the atmo-
sphere by almost three times compared to present forcing.
This increase was mainly due to increasing CH4 concentra-
tion in the river runoff.
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