Oceanologia (2017) 59, 445—459

‘ Available online at www.sciencedirect.com

ScienceDirect

57.1)

2015

~ journal homepage: www.journals.elsevier.com/oceanologia/

ORIGINAL RESEARCH ARTICLE

Monthly dynamics of carbon dioxide exchange across
the sea surface of the Arctic Ocean in response to
changes in gas transfer velocity and partial pressure
of CO, in 2010

Iwona Wrobel *

Institute of Oceanology, Polish Academy of Sciences, Sopot, Poland

Received 5 July 2016; accepted 17 May 2017
Available online 7 June 2017

KEYWORDS Summary The Arctic Ocean (AO) is an important basin for global oceanic carbon dioxide (CO,)
Partial pressure of CO,; uptake, but the mechanisms controlling air—sea gas fluxes are not fully understood, especially
Gas transfer velocity; over short and long timescales. The oceanic sink of CO, is an important part of the global carbon
Arctic fjord; budget. Previous studies have shown that in the AO differences in the partial pressure of CO,
Air—sea CO, fluxes; (ApCO;,) and gas transfer velocity (k) both contribute significantly to interannual air—sea CO, flux
Greenland and Barents variability, but that k is unimportant for multidecadal variability. This study combined Earth
seas Observation (EO) data collected in 2010 with the in situ pCO, dataset from Takahashi et al. (2009)

(T09) using a recently developed software toolbox called FluxEngine to determine the importance
of k and ApCO, on CO, budgets in two regions of the AO — the Greenland Sea (GS) and the Barents
Sea (BS) with their continental margins. Results from the study indicate that the variability in
wind speed and, hence, the gas transfer velocity, generally play a major role in determining the
temporal variability of CO, uptake, while variability in monthly ApCO, plays a major role
spatially, with some exceptions.
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1. Introduction

The global carbon cycle plays an important role in energy and
mass exchange in the Earth System and links the components
of this system (land, ocean, atmosphere) (Garbe et al., 2014;
Thomas et al., 2004). Increases in atmospheric carbon diox-
ide (CO,) concentrations caused mainly by the burning fossil
fuels, cement production and growing urbanization are
directly responsible for 60% of the average global air tem-
perature increase (IPCC, 2013; Kulinski and Pempkowiak,
2011). Half of the CO, emitted remains in the atmosphere
while the rest is absorbed by the oceans and land biomass (Le
Quéré et al., 2010, 2016; Omar et al., 2003; Sabine et al.,
2004; Yasunaka et al., 2016). Relevant knowledge of air—sea
CO, fluxes and their spatial and temporal variability is essen-
tial to gain the necessary understanding of the global carbon
cycle and to fully resolve the ocean's role in climate varia-
bility (Le Quéré et al., 2013; Wanninkhof et al., 2009; Woolf
etal., 2013). It is well known that the Arctic Ocean (AO) is an
overall sink for CO, throughout the year even though con-
tinental shelves can either be regional or seasonal sinks or
sources of atmospheric CO,. However, there is a lot of
uncertainty in calculating the CO, budgets of marginal and
coastal shelf seas especially in the Polar Ocean margins (Cai
et al., 2006; Doney et al., 2009; Landschiitzer et al., 2014).
At present, the net air—sea CO, fluxes in the AO have been
estimated at —0.12 & 0.06 PgC yr—" with net global ocean
CO, uptake at —2.2 + 0.5 PgC yr~" (Goddijn-Murphy et al.,
2015; Gruber, 2009; Schuster et al., 2013; Takahashi et al.,
2009; Wanninkhof et al., 2013). Additionally, Cai et al. (2006)
have shown that the average sea—air CO, flux for Arctic
shelves is estimated as —12 +4gCm~"a~"'. Arctic shelves
are greatly influenced by sea ice cover and the age of
terrestrial inputs resulting in large CO, sinks during ice-free
periods (Bates and Mathis, 2009; Cai et al., 2006).

Projections of trends in net carbon dioxide air—sea fluxes
suggest that, in the future, CO, uptake by the ocean will
increase because of sea ice loss (IPCC, 2013; Rodenbeck,
2005; Schuster et al., 2013). Reports have also been pub-
lished, indicating that the seawater partial pressure of CO,
(pCO,y) in the North Atlantic has increased at a rate higher
than the atmospheric pCO, (pCO,,) (Lefévre et al., 2004;
Olsen et al., 2003).

Currently, there are several different approaches for
estimating air—sea CO, fluxes. The first involves measuring
direct fluxes using eddy correlation techniques (Else et al.,
2011; Kondo and Tsukamoto, 2012; Repina et al., 2007).
Another method focuses on calculating net air—sea CO,
exchange with a mass balance assessment of carbon stocks
and the inputs/outputs of carbon or vertical variations in DIC
(Dissolved Inorganic Carbon) (Arrigo et al., 2010; MacGilchr-
ist et al., 2014). The third approach takes into account
differences in atmospheric and seawater pCO, combined
with gas transfer velocity parameterizations (k) (Bates and
Mathis, 2009; Boutin et al., 2002; Land et al., 2013; Land-
schiitzer et al., 2014; Takahashi et al., 2009). This final
approach can employ the neural network technique, the
advantage of which is that it can “notice” and exploit
unpredicted correlations in the data (Lefévre et al., 2005;
Telszewski et al., 2009; Yasunaka et al., 2016).

In this article, the net CO, flux across the sea surface is
calculated by multiplying ApCO, by the CO, gas transfer

velocity coefficient (k), which depends primarily on the
degree of turbulence near the interface. The direction and
rates of net air—sea CO, exchange are determined by the
product of the difference in values between pCO, in seawater
and the atmosphere, and also by the rate of k. Positive ApCO,
values indicate that the sea is a source of atmospheric carbon
dioxide, whereas negative values indicate that it is a sink.
Choosing the appropriate formula for gas transfer velocity is
the key when calculating net air—sea gas fluxes. The main
difficulty in quantifying k is its dependence on several phy-
sicochemical elements of the environment, such as surfac-
tants, wind speed, sea state, surface roughness and breaking
waves (Ho et al., 2006; McGillis et al., 2001; Shutler et al.,
2016; Takahashi et al., 2009; Wanninkhof et al., 2009). In the
literature, a wide range of different gas transfer parameter-
izations can be found that were derived using a number of
techniques, e.g., Wanninkhof and McGillis (1999), Nightin-
gale et al. (2000), McGillis et al. (2001), Ho et al. (2006), and
Wanninkhof et al. (2013). At present, parameterizations with
a quadratic wind speed relationship are interchangeable in
the Arctic as Wrobel and Piskozub (2016) have shown. Fluxes
resulting from using these functions (Ho et al., 2006; Wan-
ninkhof et al., 2013) are only 3—4% higher (Fig. 1), respec-
tively, than the most accurate parameterization applied to
the study region, which is Nightingale et al. (2000) (see also
Wrobel and Piskozub, 2016). Earlier studies showed that over
interannual and shorter timescales, both components of the
right hand side of Eq. (1) are significant in controlling air—sea
fluxes, with only a few exceptions (Couldrey et al., 2016;
Doney et al., 2009). Over longer, interannual to multidecadal
timescales, flux variability is controlled only by ApCO,
(Bates, 2012; Couldrey et al., 2016; Doney et al., 2009;
Gruber et al., 2003; Le Quéré et al., 2000). The high uncer-
tainty in the size of the net AO sink stems from the lack of
coordinated in situ measurements in the winter; data are
interpolated for the rest of the year. A potential alternative
solution lies in exploiting satellite data from EO techniques
(Boutin et al., 2002).

When studying air—sea CO, exchange across the sea sur-
face in the AO, one has to remember the important role of
extensive ice coverage in this process. Because of this, the
monthly dynamics of air—sea interactions were analyzed in
this paper during a one year period. Seasonal sea ice cover
can reduce the exchange of CO, across the sea surface, but it

Qo
©
w
—— k_Nightingale2000 /
o —— k_Ho2006
T - k _Wanninkhof1999
— k_Wanninkhof2014
2 o k_McGillis2001
() [
x
(=
N
g 4
(=T -____.g/
T T T 3
0 5 10 15
Ulms']
Figure 1 Gas transfer velocity [ms~'] using different para-

meterizations as a function of wind speed [ms~].
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also influences biogeochemical processes in surface water,
especially inside Arctic fjords. The decrease of sea ice cover
can result in an increase in outgassing in shallow shelf areas
when surface waters are mixed deeper during the spring and
winter. As was demonstrated in earlier studies by Olsen et al.
(2003), Arrigo et al. (2008), Sejr et al. (2011), and others, sea
ice loss in the AO produces a large area of open, ice-free
water that is favorable for phytoplankton growth. Thinner
seasonal sea ice cover replaces thick multi-year sea ice which
makes it a weaker barrier for sea ice exchange, which means
that phytoplankton spring blooms can absorb more CO,
(Arrigo et al., 2008). Decreases of sea ice extent also cause
water surface warming and, thus, act to reduce the CO,
uptake by the ocean (Bates and Mathis, 2009). We do not yet
fully understand whether decreased sea ice extent will
indirectly affect higher CO, uptake by the ocean in the Arctic
or not.

Trends and variability in the Arctic CO, sink have been
studied intensively. Observations suggest its decrease is
caused by increased in-water pCO, (Ashton et al., 2016;
Boutin et al., 2002; Goddijn-Murphy et al., 2016; Lefevre
et al., 2004; MacGilchrist et al., 2014; Schuster et al., 2013).
Marine pCO, seems to have been rising faster than atmo-
spheric pCO,, especially in the summer (Couldrey et al.,
2016). The results from the FluxEngine-based Earth Observa-
tion (EO) data obtained from the European Space Agency
OceanFlux Greenhouse Gases (GHG) Evolution project
(http://www.oceanflux-ghg.org/) to evaluate how flux varia-
bility is controlled on short timescales. The present study
examines the following testable hypothesis: air—sea CO,
fluxes on a one year timeframe are dependent on both ApCO,
and k.

1.1. Study area

The AO (Fig. 2) is relatively small (~10.7 x 10° km), and
belongs to a class of ocean basins known as Mediterranean
seas, with broad, shallow (<200 m deep) continental shelves
surrounding a central basin. The AO has limited pathways of
communication with Atlantic and Pacific waters, through the
Bering Strait, the Canadian Archipelago, the Fram Strait and
the Norwegian Sea gateways. Thermohaline forcing is the
dominant driver (Piechura and Walczowski, 2009). Seasonal
sea ice cover, especially in winter, reduces the exchange of
energy, mass, and gases between the atmosphere and the
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Figure 2 Study area (source: ArcGis basemap) — Greenland
Sea and Barents Sea with sampling points.

ocean, and it also has a negative effect on sunlight penetra-
tion into the ocean that is needed for photosynthesis.
Whether the Arctic acts as a sink or a source of CO, is
controlled by many variables that are, themselves, influenced
by climate change, including biological activity (Arrigo et al.,
2010), temperature (Polyakov et al., 2004), riverine inputs
(Dai et al., 2009), and sea ice melt (Bates and Mathis, 2009).

The Barents Sea (BS) is the largest of the AO seas
(1,424,000 km? area with a volume of about 316,000 km?)
and covers broad, shallow continental shelves with a max-
imum depth of ~600 m (average depth ~229 m) (Gurgul,
2002). It is characterized by an inflow of warm, saline
Atlantic water via the Norwegian Atlantic Current and mini-
mal freshwater inputs (Omar et al., 2003). Maximum wind
speeds over the BS are about 20 ms~', with an average of
approximately 6 m s~' (Gurgul, 2002). Warm, saline Atlantic
water is transformed into subsurface water by the process of
brine rejection from sea ice formation or the cooling of
surface water, and it is then transported to the Kara Sea
and the central basin of the AO (Omar et al., 2007).

The Greenland Sea (GS) covers an area of 1,205,000 km?
with an average depth of 1450 m and a maximum depth of
approximately 5500 m. It lies south of the Arctic Basin and is a
major pathway for the exchange of Arctic water with warm,
saline Atlantic water through the Fram Strait via the deep
East Greenland Current. Greenland Sea Deep Water is formed
in the central GS, and it aerates the North Atlantic Deep
Water (Nakaoko et al., 2006).

2. Methods
2.1. Data sets

Net air—sea CO, fluxes were calculated using the FluxEngine
toolset (Shutler et al., 2016), which was created as a part of
the European Space Agency funded OceanFlux Greenhouse
Gases project (http://www.oceanflux-ghg.org) to encourage
the use of satellite Earth Observation data. The toolbox
allows its users to create their own climatology from the
data available. After choosing the relevant data and formu-
lae, users can create monthly global flux datasets. FluxEn-
gine is available publicly on the Ifremer/CERSAT (Centre
d'Exploitation et de Recherche Satellitaire) Nephelae Cloud
(no specific skills are required to use it), and can be run
through a web interface (http://cersat.ifremer.fr/data/
collections/oceanflux) or it can also be downloaded. The
source code can be downloaded from a GitHub server (God-
dijn-Murphy et al., 2015; Shutler et al., 2016; Wrobel and
Piskozub, 2016).

The calculations for this study were based on the clima-
tological mean distribution of surface water pCO, and salinity
values from Takahashi et al. (2009) (T09) climatology,
archived at the Carbon Dioxide Information and Analysis
Centre (CDIAC, Oak Ride, National Laboratory (Takahashi
et al., 2008)) in non-El Nino conditions. T09 data were
normalized to 2010 to evaluate seasonal variations in air—
sea CO, fluxes (the calculations were based on Olsen et al.
(2003), Omar et al. (2003), Nakaoko et al. (2006), Goddijn-
Murphy et al. (2015) approaches, that assumed the partial
CO, pressure in seawater has increased at a rate of
1.5 watm yr~', on average observed for CO, partial pressure
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in the air). Wind speed data at 10 ma.s.l. were obtained from
the GlobWave project (http://globwave.ifremer.fr/), which
produced a 20-plus year time series of global coverage multi-
sensor cross-calibrated wave and wind data. The Sea Surface
Temperature (SST) data were obtained from Ifremer/CERSAT
and produced OceanFlux from ARC/(A)ATRS (Advance Along
Track Scanning Radiometer measurements) carried out by the
Envisat satellite (Merchant et al., 2012). SSTy, data are
defined as the “radiometric temperature of the surface
measured by an infrared radiometer operating in the 1—
12 um waveband (10—20 um depth” according to definition
in The Global Ocean Data Assimilation Experiment (GODAE)
high-resolution sea surface temperature pilot project; Min-
nett and Kaiser-Weiss, 2012). The (A)ATSR is a self-calibrating
radiometer that provides estimates of SSTand exhibits a very
small standard deviation of error. The k coefficient was
estimated using the Nightingale et al. (2000) parameteriza-
tion (hereafter called N2000, Fig. 1), which best fits the AO
(Wrobel and Piskozub, 2016). All input data and climatologies
were linearly re-interpolated to a 1° x 1° geographical grid
from the original resolution, and calculated for 2010 using
the FluxEngine toolset. Data were extracted for the AO
(north of 66°) from global resolution.

2.2. Parameterizations

The air—sea CO, flux is controlled by wind speed, SST, Sea
Surface Salinity (SSS), sea state, and biological activity (God-
dijn-Murphy et al., 2016). The calculations of CO, flux
between the air and the sea [F, mgC m~2 day~ '] are given
based the ApCO, [patm] across a thin (~10—250 wm) mass
boundary layer at the sea surface and the solubility of CO, [«,
gm~3 patm™"] multiplied by the gas transfer velocity [,
cm h™'] as a function of wind speed. The concentration of
CO; in the sea water is a function of SSS and SST, its solubility
[, g m~3 watm™"], and its fugacity [fCO,, patm]. Hence, the
standard bulk formula for the flux (F) was defined as:

F = k(awpCOzy —aspCO24), M

where S is the air—sea interface, A is the air, and W is water.
We can replace fugacity with partial pressure (their values
differ by < 0.5% over the temperature range considered)
(McGillis et al., 2001). So Eq. (1) becomes:

F = k(awpCOyyw—aspCO34), 2)
F — kaApCO,. &)
Table 1
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Gas transfer velocity was mainly parametrized as:

kw = Sc’”(ao +a U+ GzUZ + G3U3)7 (4)

(Wanninkhof et al., 2009) where (qo ... a,) are coefficients
(one or more of which may be set to zero) of polynomials in
wind-speed U [m s~'], Sc is the Schmidt number of dissolved
gas. Schmidt numbers at the skin surface (Scsin) are a
function of SST [= (kinematic viscosity of water)/(diffusion
coefficient of CO, in water)]. The Schmidt number for CO, in
seawater at 20°C is equal to 660.0. The calculations were
based on the Nightingale et al. (2000) parameterization:

k = \/ (600.0/SCgiin) * (0.222 U2, + 0.333 Uyg). (5)

The parameterization was based on multiple trace experi-
ment conducted in the southern North Sea during one month
in 1992 and 1993 and based on data from March and October
1989.

3. Results and discussion

The global monthly air—sea CO, flux variability, the partial
pressure of CO, in seawater (pCO,y), and gas transfer velo-
city rates (k) were estimated using FluxEngine software.
Values were extracted from these for the two study regions
— the GS and BS in the AO (north of 66°) (Fig. 2). The periods
from October to April were defined as wintertime and from
May to September as summertime. Since wind velocity was
used to estimate k, Fig. 1 shows a wide range of empirical
formulas. The N2000 quadratic dependence of k on wind
speed, which fit the best to AO air—sea interaction measure-
ments (Wrobel and Piskozub, 2016), was chosen for this study.
In the AO where the average wind speed during the study
period was approximately 8 + 0.7 ms™' (see Table 1), the
average gas transfer velocity rate was 13.0+1.9cmh™"
(Fig. 1). For better proof of results, a statistical summary
of the data was calculated (Table 1). The area, as a whole, is a
sink of CO, with an annual average wind speed of approxi-
mately 8 +0.7ms~', an annual average k of 13.0
+1.9cmh™", and a concentration of pCO,y (332.4
+ 11.8 patm) lower than the annual partial pressure of
CO; in the atmosphere for the year 2010 (382 + 0.6 patm).
The SSTwas approximately 3.0 & 1.6°C and salinity was 34.3.

Table 2 shows the mean monthly variability of the esti-
mated variables. Despite the AO acting as a sink for atmo-
spheric CO,, considerable variability in ApCO, was observed

Statistics of data used for calculations. Descriptions in rows: k — gas transfer coefficient, U;o — 10-m wind speed, pCO,y

and pCO,, — seawater and atmospheric partial pressure of CO,, respectively, ApCO, — difference in partial pressure, SST — sea

surface temperature.

N Ave. Min Max St. error Var. St. dev
F [mgC m2day "] 576 -8.0 —15.4 —4.2 0.1 2.6 1.6
k [cmh™"] 576 13.0 7.9 17.9 0.1 3.5 1.9
Uio [ms™] 576 8.3 5.8 9.7 0.0 0.4 0.7
pCO,y [patm] 576 332.4 292.7 354.6 0.5 139.2 11.8
ApCO, [patm] 576 —50.1 —91.1 —27.7 0.5 152.2 12.3
pCO,4 [natm] 576 382.5 381.2 384.1 0.0 0.4 0.6
SST [°C] 576 3.0 6.5 0.1 2.7 1.6
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in space and time (Fig. 6 and Table 2). The pCO,y varies
considerably, both spatially and temporarily, as has been
shown in recent studies, e.g., Olsen et al. (2003), Omar
et al. (2003), Nakaoko et al. (2006), Takahashi et al.
(2009), and Sejr et al. (2011). The mean values of partial
CO, pressure in the air range from 372.5 + 0.6 patm in
August to 389.1 + 0.6 patm in May, while values of partial
CO, pressure in seawater varied from 309.1 &+ 11.8 patm in
August to 348.2 + 11.8 patm in February. Bates and Mathis
(2009) showed that when SST rises by 1°C pCO,y should
increase by up to 8 to 12 patm/°C. Nakaoko et al. (2006)
reported that monthly pCO,y values increased proportio-
nately to increasing SST (in 1994—2001), except in May
and June. In June, when SST was above 2°C, pCO,y was
higher than 250 patm, while lower pCO,, was observed when
SST was about 1°C. The results from FluxEngine show that
when SST increased above 2.5°C, pCO,y was lower than
340 patm, and when SST decreased below 2.5°C, pCO,w
was higher than 340 patm, except in May. Calculations from
FluxEngine indicate the opposite relationship to that demon-
strated in Bates and Mathis (2009). During the study period,
gas transfer velocity varied from 19.9+1.9cmh™! in
December, when values of wind speed were higher than
10ms~', to 6.6 =1.9cmh™" in July when wind speed was
lower than 5 m s~'. The strongest winds in the AO were from
October to April at mean values of 9.0 £ 0.7 ms™ ", while
from May to September the values were 6.0 + 0.7 ms~".
Fig. 3 shows the relationships between annual mean
pCO,y concentrations and air—sea CO, fluxes to the north.
Over spatial scales, the air—sea CO, flux values were strongly
positively linked to the partial pressure of CO, in seawater
(much less than with k) (see Table 3). Regions from the Arctic
Circle to the North Pole were sinks of CO,, and all surface
pCO, values were below atmospheric levels (pCO, in the
atmosphere was 380 patm in 2010), although the Arctic
Circle regions were close to equilibrium. The calculated
oceanic CO, uptake varied between -6 to
—16mgCm~2day~', and pCO,y concentrations varied
between 360 and 290 patm to the northward. Variations in
pCO,, mainly stemmed from to biological activity, changesin
sea surface temperature, and water mass transport, which
are clearly indicated in Fig. 3 (Garbe et al., 2014; Nakaoko
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Figure 3 Annual mean pCO, in seawater [patm] and air—sea
CO, fluxes [mgC m~2day"].

et al., 2006). The SST of the GS and BS was dominated by the
inflow of warm North Atlantic Ocean water.

Fig. 4 illustrates maps of the zonal mean pCO,y in Feb-
ruary and August, and Fig. 5 indicates differences between
them. In summer, all the pCO,y, values in the GS and BS were
below atmospheric levels, while in winter pCO,,, was close to
or higher than atmospheric levels in the BS. These results are
in good agreement with those obtained by Cai et al. (2006),
Nakaoko et al. (2006) for 1992—2001, and Sejr et al. (2011)
for 2006—2009. Calculations from FluxEngine indicate that
annual mean values of pCO,y in 2010 were 332.4
+ 11.8 patm (see Table 1), with mean values in August of
295 + 11.8 patm in the GS and 355 + 11.8 patm in the BS.
Weiss et al. (1992) showed in July 1981 and 1990 that pCO,y,
concentrations were around 225—230 patm, while in August
1994—2001 they were around 255 patm in the GS and
280 patm in the BS (Nakaoko et al., 2006). During 1995—
2003, the annual mean pCO, was 313 + 4.1 patm in the GS
and 292 + 6.1 patm in the BS (Arrigo et al., 2010), and in
1995 it was only 282 + 31 patm (Takahashi et al., 2002).
Generally, the AO is a strong net CO, sink; however, there

Table 2 Monthly dynamics of the datasets in the AO. Descriptions in columns: k — gas transfer coefficient, U;o — 10-m wind speed,
pCO,w and pCO,, — seawater and atmospheric partial pressure of CO,, respectively, ApCO, — difference in partial pressure, SST —

sea surface temperature.

F [mgC m2day "] k [cmh™"] Uso [ms™"] pCO,y [patm] ApCO, [patm] pCO,4 [patm] SST [°C]

Jan —10.9 18.4 10.6 341.7 —44.2 385.9 2.24
Feb -85 16.6 10 348.2 -39.5 387.8 2.2

Mar -8.8 16 9.8 346.2 —39.5 385.6 1.92
Apr 8.4 13.5 8.8 341.5 —44.6 387 1.72
May -6.9 9.1 7 334.6 —56.5 389.1 2.01
Jun —4.4 6.8 5.8 328.1 —57.7 384.6 3.44
Jul —4 6.6 5.2 314.6 —63 377.6 4.99
Aug -5 7.4 5.9 309.1 -59.4 372.5 4.55
Sep -6 9.4 6.9 321.3 —52.4 373.11 4.14
Oct -8.2 16.5 9.4 335.1 —39.1 376.1 3.99
Nov —11.7 17.5 10 334.2 —48.5 382.7 2.67
Dec —13.6 19.9 10.9 335 —49 385.2 2.71
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Figure 4 Monthly mean values for pCO, in seawater [patm] in February (a) and August (b).
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Figure 6 Monthly variability of differences in partial pressure
of CO, ApCO, [patm] and pCO; in seawater [patm].

Table 3 The Pearson linear correlation between datasets in the Arctic Ocean. Descriptions in rows and columns: k — gas transfer
coefficient, U;o — 10-m wind speed, pCO,y and pCO,, — atmospheric and seawater partial pressure of CO,, respectively, ApCO, —
difference in partial pressure, SST — sea surface temperature.

FImgCm2day '] k[cmh™'] U;o[ms'] pCO,y [watm] ApCO, [patm] pCO,4 [watm] SST [°C]

F [mgCm 2day '] 1.000 0.185 0.042 0.757 0.759 —0.664 0.628
k[cmh™] 0.185 1.000 0.930 0.636 0.643 ~0.663 0.655
Uso [ms™] 0.042 0.930 1.000 0.567 0.570 ~0.540 0.457
pCO,y [patm] 0.757 0.636 0.567 1.000 1.000 ~0.833 0.732
ApCO, [patm] 0.759 0.643 0.570 1.000 1.000 —0.849 0.745
pCO,4 [matm] —0.664 ~0.663 ~0.540 ~0.833 ~0.849 1.000 ~0.878
SST [°C] 0.628 0.655 0.457 0.732 0.745 ~0.878 1.000

Table 4 The Pearson linear correlation coefficient between datasets in 2010. Descriptions in columns and rows: k — gas transfer
coefficient, U;p — 10-m wind speed, pCO,y and pCO,, — seawater and atmospheric partial pressure of CO,, respectively, ApCO, —
difference in partial pressure, SST — sea surface temperature.

F[mgCm2day™ "l k[cmh '] U;o[ms 'l pCO,y [patm] ApCO, [patm] pCO,4 [patm] SST [°C]

F [mgCm 2day '] 1.000 ~0.934 ~0.928 ~0.640 ~0.559 —0.475 0.606

k[cmh™] ~0.934 1.000 0.992 0.761 0.788 0.382 ~0.568
Uso [ms™] ~0.928 0.992 1.000 0.826 0.815 0.472 —0.661
pCO,y [patm] ~0.640 0.761 0.826 1.000 0.877 0.718 ~0.858
ApCO, [patm] ~0.559 0.788 0.815 0.877 1.000 0.295 ~0.562
pCO,4 [patm] —0.475 0.382 0.472 0.718 0.295 1.000 —0.888

SST [°C] 0.606 —0.568 —0.661 —0.858 —0.562 —0.888 1.000




1. Wrobel/Oceanologia 59 (2017) 445—459 451

January February

&

L) = )
Hy P} ﬂ%m e—g's 0% ©
g-10 3 -10 0PP%,88 ©.,° o o' B (R
. . s, S 0L, o8 e o
e " 12 W B seH8, o o obo o ©
0-15 0714 eo o, °coo° o * 2
=} =2 o9 Lo @ o o
E 5 E-16 @° eggooo =
x x o %o 0 olo oo
= 5 -18 o ° °
= = ©o g2, ©0 o
[T [T o @90 o
28 20 ba S0k > °
22 o °
=0 24 8 Z" 2
° 26 o =
-35 -28
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40
-1 -
klem hr'] klem hr')
March April

L “—%
% qo)
i G
3 £
€ o
(6] =)
> E
E =
=
15 i
|
.20 o o
o
-35 o
?
-40 -30
-5 4] 5 10 15 20 25 20 35 40 45 50 -5 0 5 10 15 20 25 30 35
k[em hr'] klem hr']
May June

&

Flux [mg C m” day ']
& &

Flux [mg C m? day'1]

-10

12 =
°
2 @ 6 8 A0 412 A& de A8 20, 2 24 26 Sl 5 5 7 % 3 T T
-1 -1
klemhr] klecmhr]
July August
2 2

‘T’_‘ "—>,
> ©
o el
k2 o
o
£ S
o j=2)
j=2}
E \g
== x
x 3
£ T -14
w o

-18 -] -16 oo

20 o 18

-22 20 %o

=3
24 -22
2 0 2 4 6 8 “q00° 12 4 16 48 200 22 5 0 5 10 15 20 25 30

Klom hr'] klem hr']

.5105;

Figure 7 Monthly variations of air—sea CO, fluxes [mgC m~2 day "] as a function of gas transfer velocity [cm h™'].
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Figure 7. (Continued).

are shallow coastal areas where it is a source of CO, to the
atmosphere, caused by river outputs and sea ice melting
(Bates and Mathis, 2009). Seasonal changes in biological
activity (phytoplankton primary production, PP), sea water
warming and cooling, and the volume of CO, exchange caused
seasonal changes in surface pCO,. In wintertime, during the
study, when the temperature of sea water was lower than in
summer, pCO,y levels were higher in the open water of the
GS and BS in February (310—370 and 355—400 p.atm, respec-
tively) than in August (250—325 and 325—370 patm, respec-
tively) (Fig. 4). Additionally, in the GS, in both February and
August, the concentration of pCO,y, was lower (Fig. 4) with
differences in absolute values higher than in the BS (Fig. 5).
This observation agrees well with earlier results obtained by
Takahashi et al. (2002), Olsen et al. (2003), and Nakaoko
et al. (2006). During summertime, surface pCO,y values
decreased, in spite of seasonal warming and oceanic CO,
uptake increased thanks to high CO, exchange (Bates and
Mathis, 2009). These processes were counterbalanced by the
uptake of CO, in summertime by phytoplankton that
decreased pCO,.

Fig. 5 shows that inside the Arctic fjord the difference
between pCO, in the summer and the winter was caused by
lower surface-water pCO, levels resulting from sea ice melt,
dissolution of CaCOs, primary production, and strong strati-
fication of the water column inside the fjord. Melting sea ice
in the summer caused low pCO; levels, but melt water ponds
were also pCO,, sinks (Sejr et al., 2011; Semiletov et al.,
2004). The results from estimations contrast with those

gathered by Omar et al. (2007) and Sejr et al. (2011), and
they show that fjords and nearby lands in the AO are places
where physical process do not exceed biological CO, uptake
because of runoff from lands, but in the open water area of
the AO the opposite was found. This could steam from the
fjords not being well represented in the data, and it could
imply some underestimation of ApCO; rates. It does indicate,
though, that more study of the shallow and marginal areas is
required.

Fig. 6 shows the monthly values of pCO,y,and ApCO,. Over
the temporal scale, of the study period, all surface pCO; levels
were below atmospheric levels (average 380 patm) resulting
in negative ApCO,. The calculated pCO,, and ApCO, values
show seasonal variation of about 39 and 24 patm, respec-
tively, with two maxima for pCO,y in February and October
and one minima in August, and two minima for ApCO, in March
and October and one maxima in July. These observations
agree well with the previous studies (Nakaoko et al., 2006;
Takahashi et al., 2009). The ApCO, values increased (at a rate
of 5 patm) compared to previous results obtained by Takaha-
shi et al. (2009). The seasonal difference in ApCO, (strong
negative values in the summertime) resulted from the biolo-
gical drawdown of CO,. Differences in the partial pressure of
CO, were very strongly correlated with changes in the partial
pressure of CO,y, especially in wintertime, when the average
water temperature was higher than the air temperature (see
also the discussion in Table 2).

Figs. 7 and 8 show regression lines, correlations, and
determination coefficients between air—sea CO, fluxes,
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Figure 8 Monthly dynamics of air—sea CO, flux [mgC m~2 day~'] as a function of pCO, in seawater [p.atm].
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Figure 8. (Continued).

pCO,y, and k for individual months. The correlation coeffi-
cient (r) represents the linear relationship between two
variables and the determination coefficient (r?) represents
the proportion of common variation between the two vari-
ables (StatSoft Inc., 2013). Over spatial scales, fluxes were
better correlated with pCO,y than with gas transfer velocity
during each month. In the relationship between air—sea
fluxes and k, in May, August, and September more than
20% of variability in fluxes was explained by k (typically less
than 20%; Fig. 7). More than 50% of variability in fluxes was
explained by pCO,, (except from June to September, when it
was less than 20%; Fig. 8). In summertime, CO, flux variability
was controlled by k, as a function of sea ice cover. The results
reflect those obtained by Doney et al. (2009) and Couldrey
et al. (2016). They demonstrated that variability in k con-
tributes to only approximately 35% of the global interannual
flux variability, while ApCO, contributes 60% of total varia-
bility.

Fig. 9 shows spatiotemporal mean air—sea CO, fluxes in
the GS and BS during study period using the Nightingale et al.
(2000) k parameterization. Cai et al. (2006) estimated that
the continental shelves of the AO were responsible for the
total uptake of atmospheric CO, of 52 TgC a~', equivalent to
an average air—sea CO, flux of —12gCm2a~". The total

uptake for the BS was estimated to be about 3.2 TgCa ' ora
flux of —4.38 gC m~2a~". Following the methods described in
Table S1in Cai et al. (2006), the total uptake of atmospheric
CO, on the continental shelves of the GS and BS was esti-
mated as 3.6 TgCa~' and the average air—sea CO, fluxes
were estimated about —3.62 gC m~2a~". As can be seen, the
GS was a stronger net sink of CO, in winter (approximately
—12 mgC m~2day™"), while the BS was a very weak sink for
CO, that was close to equilibrium. There were seasonal
changes throughout the year. The annual mean air—sea
CO, flux for the whole study area was —8.0 mgC m~2% day ™"
(see Table 1). This is because the BS had higher SST than the
GS because of the inflow of warm water via the North Atlantic
Current (Land et al., 2013). Additionally, as is shown in Fig. 3,
air—sea CO, fluxes are strongly positively correlated with
pCO,y, over spatial scales. Estimates for the central GS are
similar to previous results: 52 gCm~2a~"' for the 1992—
2001 period (Nakaoko et al., 2006), 25gCm2a~"' for
2006, and 42 gC m~2a~" for 2009 (Sejr et al., 2011). Most
areas of the BS became CO, sources in summer and fall,
which is likely to be from the effect of sea—water tem-
perature changes. During spring, no upward CO, flux was
observed in the Arctic sector of the Atlantic Ocean. The
air—sea CO, flux from the atmosphere decreased slightly
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Figure 9 Monthly mean values for air—sea CO, fluxes [mgC m~2 day~'] combined using k parameterization by Nightingale et al.
(2000). Blue is absorbing, red is emitting. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.)
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during June and July (Fig. 9), which was because of a steep
decrease in average wind speed and low pCO,; these values
were in good agreement with results reported by Arrigo
et al. (2010).

The relationships among the variables influencing gas
fluxes on spatial and temporal scales are shown in
Tables 3 and 4. In general, there were very few positive
correlations between air—sea CO, fluxes and k over spatial
scales (r=0.185, p < 0.05), and very strong negative corre-
lations over temporal scales (r=-0.935, p <0.05) with
moderate negative correlations in individual months
(Fig. 7). In wintertime, when the wind was stronger (hence
higher k), than in summertime, the rates of air—sea CO,
fluxes were up to —10 mgC m~2day~". In June and July, the
rates of air—sea CO, exchange were small
(<5mgC m~2day~ ') when compared to the annual average
(Table 1). These results match those derived by Nakaoko
et al. (2006) for the GS and BS. In summertime, the majority
of measurements were much less scattered around the trend
line than in wintertime when the values were more scattered
(Fig. 7). The fluxes across the air—sea interface were con-
trolled by SST, wave breaking, friction velocity, sea state,
turbulence, etc. (Goddijn-Murphy et al., 2016; Nightingale
et al., 2000). The rate of transfer across the sea surface is
usually a parameter that is a function of wind speed at 10 m.
a.s.l. However, there were also other factors that influence
air—sea CO, fluxes, such as surface films, fetch, and chemical
enhancement (McGillis et al., 2001; Wanninkhof et al., 2009).
Strong positive correlations between pCO, and air—sea fluxes
(r=0.757, p <0.05) over spatial scales and quite strong
negative correlations over temporal scales (r=—0.640,

p < 0.05) were noted (Fig. 8). In the AO, the spatial varia-
bility in pCO,, showed quite strong positive correlations with
SST (r=0.732, p > 0.05), while temporal variability showed
even stronger negative correlations with SST (r=—0.858,
p > 0.05; Tables 3 and 4).

4. Conclusions

This study examined the effect of monthly changes in gas
transfer velocity and ApCO, in controlling air—sea CO, fluxes
in the Greenland Sea and the Barents Sea, during a one year
period. It also examined the following testable hypothesis:
air—sea CO, fluxes over one year are dependent on both
ApCO, and k. Results from FluxEngine showed that air—sea
CO; fluxes had fewer positive correlations with gas transfer
velocity (k) over spatial scales (Table 3), and almost perfect
negative correlations over temporal scales (Table 4) with
moderate negative correlations within individual months
(Fig. 7). Additionally, there were strong positive correlations
between pCO, and air—sea fluxes over spatial scales (Table 3)
and quite strong negative correlations over temporal scales
(Table 4), with strong positive correlations within individual
months (Fig. 8). In the relationships between air—sea fluxes
and gas transfer velocity in May, August, and September,
more than 20% of the variability in fluxes was explained by k
(typically it was less than 20%; Fig. 7). More than 50% of
variability in fluxes was explained by pCO,y (except from
June to September, where it was less than 20%; Fig. 8). The
results indicate that the variability in wind speed, and,
hence, gas transfer velocity, plays a major role over temporal
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scales, while ApCO,, and hence pCO,y, plays a major role
over spatial scales in determining the monthly variation of
CO, uptake in this area. On these timescales it is critical to
obtain estimates of pCO, and k for accurate flux variability to
be derived. We can predict the future state of the global
carbon cycle only if we improve understanding the carbon
cycle mechanisms of this area by using our ability to diagnose
past change and analyze present variability.

As can be seen, even using satellite data is insufficient for
specifying the mechanisms controlling carbon uptake in the
Arctic Ocean. There are many gaps in the data from this
region, and many uncertainties in approaches to estimating
air—sea fluxes. We still do not know exactly how sea ice
melting influences carbon uptake or how each component
of the biological and physical carbon dioxide pumps influence
air—sea flux values. Two relatively simple improvements may
prevent the data gaps in projecting and evaluating carbon
fluxes in this region in the future — a use of new techniques for
interpolating data as well as a use of commercial ships for
transporting and deploying sampling equipment in the winter.
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