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2. English abstract

2.1 Introduction

The extent to which the earth’s climate can change, whether due to the actions of
mankind or natural variability, is at present major scientific problem to be solved,
relevant not only by the scientist. Numerical models of the earth’s climate system are
being used to determine the quantitative ocean’s feedback to progressive climate change.
An important aspect of these models is the transfer of energy between the ocean and
atmosphere, the air-sea fluxes of mass, momentum, gases (as carbon dioxide (CO,)), heat
and aerosols. These fluxes represent key-processes, which are all irreversible, in the
earth’s climate system; they establish links and feedbacks between its main components,
the ocean and the atmosphere. The efficiencies of these key-processes depend mainly of
wind speed, temperature, salinity, and humidity. The average values of the transfer
through the sea surface along with the range of their variability shows size of this links as
well as illustrate how the atmosphere enforces changes in the ocean circulation.
Determine the size of the exchange fluxes is particularly important for polar regions,
especially the Arctic Ocean, due to the variability of sea-ice thickness caused directly by
atmospheric temperature fluctuation, large summer inputs of fresh water and suspended
matter inflow from the surrounding land margin, and high level of primary production
inside the Arctic fjords.

Empirical measurements of the air-sea fluxes are too few, to make possible direct
calculation of large scale flux fields, so it is important to developing, calibrating, and
verifying the parameterization formula used to estimate the fluxes from direct studies
and satellite data (SCOR Report, 2000). The gas exchange process is directly connected
with the dynamic state of the sea surface, therefore it is important to define the
turbulent exchange to fully understand and describe the changes taking place in the
Earth’s climate system. The values of basics variable used for the parameterization of
momentum fluxes are wind speed, temperature and humidity, and in the specific case of
the CO, fluxes, they are wind speed, temperature, salinity. The choice of the appropriate
parameterization which can be used for the high-latitude region study, is not obviously,
simply and trivial. In the literature there are at least five various commonly used
parameterizations for explaining CO, exchange in the air-sea interaction, which differ in
exponent of wind speed (two of them used cubic dependence on wind speed, three used
quadratic dependency). For explaining surface stress it was not possible to narrow the
range of reported Cp or satisfactorily explained that range, despite many years of
research to develop a unified parameterization for Cp (Andreas et al., 2012). Since these
“bulk formulae” are used for flux estimation not only from in situ data, but also from
satellites data, and for most circulations models, they are the subject of this dissertation.

Studies on air-sea exchange rates in the Arctic Ocean have recently attracted a
great deal of attention due to the increase their values, which is direct indicator of the
extremely climate crisis. The North Hemisphere is an extraordinary region where, on the
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one hand, there is the North Atlantic, the region best covered by measurements among
world’s ocean, on the other hand is the adjacent Arctic Ocean, the region insufficient in
data, especially in winter. The direction and rates of air-sea CO, exchange are determined
by the product of the difference in values between partial pressure in seawater (pCO,w)
and atmosphere (pCO;,), and by the rate of k. Calculation on air-sea CO,; flux has to be
considered as two individual problems, both solved at this dissertation: the first one is to
measure or predict the differences in CO, concentration across the sea surface while
constraining the uncertainty in the flux calculations. Measurement uncertainty is a
parameter related to the measurement result, characterizing the spread of values that
can be reasonably attributed to the measured value. The second problem is to investigate
the rate of exchange by which this must be multiplied, of k. Transfer velocity is a function
primarily of wind speed (Uy) and temperature, but is also influence by many minor
factors (Matthews, 1999). The most frequent source of inaccuracy and uncertainty in the
air-sea gas flux calculations is due to the use of the k parameterizations formula that is
unsuitable for the given region. The choice of the wind data product, for calculating k,
provides uncertainty, even by 10 - 40 %, while the choice on appropriate wind speed
parameterization may cause variability in k by as much as about 50 % (Gregg et al., 2014;
Couldrey et al., 2016), whereas the global interannual variability in air-sea CO, fluxes can
be explain by about 60% due to differences in partial pressure between the air and the
sea (ApCO,) (Couldrey et al., 2016). At the beginning of the industrial era the
concentration of CO, was approximately 277 ppm (Joos and Spahni, 2008) while in 2017 it
increased to 405.0 £0.1 ppm (Le Quéré et al., 2018). The Arctic Ocean absorbs a large
portion of the atmospheric CO,, during all year, as the net oceanic uptake. At present, the
net air-sea CO, fluxes in the Arctic have been estimated at -0.12 +0.06 PgC yr™* with net
global ocean CO, uptake at 2.2 +0.5 PgC yr* (PgC = GtC, 10"°gC) (Goddijn-Murphy et al.,
2015, Gruber 2009, Takahashi et al., 2009). Additionally, the average air-sea CO, flux for
the Arctic shelves was estimated as -12 +4 gCm™ a™ (Cai et al., 2006). “-“ downward flux
(from the atmosphere to the ocean). A recent study showed that 82 % of the global
emissions of CO, were caused by fossil carbon emission and 18 % by land-use change, of
which 45 % as deposited in the atmosphere, 24 % in the ocean and 30 % in the land
biomass (Le Quéré et al., 2018). The growth rate of oceanic and atmospheric
concentration of CO, increased, since the last 50 years, with faster growth in the
atmospheric CO, level.

The momentum fluxes drive the oceanic circulation by creating oceanic eddies, gyres
and current systems that can redistribute heat in the ocean. The problem of properly
describing air-sea fluxes is compound, and simplistic parameterizations are not
satisfactory to represent the fluxes in models (Csanady, 2004). It was important to study
momentum fluxes over the Arctic Ocean using satellite data as previous studies omitted
this region because of the very small amount of in situ data. The Cp is an increasing
function of the neutral wind speed at 10-m height for moderate wind speeds (5—-10 m s
1) due to increasing sea surface roughness. Despite many years of research there is still



uncertainty with regard to the behavior of the drag coefficient, especially over weak
winds (even 30 %). All of the Cp parameterizations are generated from the vertical wind
profile, but they differ in the formulas used. In the literature they are formulated as
power-law of the relationship between Cp and Uy (for example Wu 1969, Andreas et al.,
2012) or as linear-law (for example Garratt 1977, Wu 1982) or has a constant value of the
relationship (for example NCEP/NCAR). The amount of the parameterizations reflects the
difficulties in simultaneously measuring at high sea stress and wind speed. All studies, to
properly parameterize the Cp, were based on the laboratory and observations
measurements and mostly are divided in accordance with the range of wind speed. The
main aim of the drag calculations was characteristics of the boundary layer flow
conditions, without specifying the exact values of uncertainty and they were conducted
mostly over the North Atlantic. Last studies have showed that results for the drag
coefficient are underestimated under the moderate wind speed and overestimated under
the high wind speed (Jarosz et al., 2007, Brodeau et al., 2017).

In recent years there has been significant progress in our knowledge of the surface
fluxes. Air-sea interaction experiments have refined the formulae used for flux
calculation, methods of obtaining fluxes from satellite data have been developed, and
weather forecast models have been used to produce a consistent re-analysis of the past
state of the atmosphere. Unfortunately, despite these advances, the observational flux
data remains limited and various attempts to produce climatologies of the flux fields, and
to describe their climatic variability, differ in significant aspects. The air-sea fluxes of CO,
and momentum are relatively well-know and studied. However, the polar regions are
significantly less investigated in this respect than, e.g. mid-latitude regions. Most of the
studies on this topic, conducted in the Arctic, focus on estimating the rate of the ocean
absorption of atmospheric CO,, or comparing different methods for calculating air-sea
fluxes, in the case of carbon study. However they ignore estimating the exchange
uncertainty as well as omit indicating the major parameter which influence on air-sea CO,
exchange, except of annual publishing Carbon budget report by Le Quéré et al. In the case
of momentum fluxes, most of the studies focus on comparing differences in the drag
coefficient values resulting from the choice of used parameterization for unified Cp
parameterizations, but without estimating uncertainty of the exchange values. Studies of
exchange fluxes in high-latitudes region are sparse and often fragmentary. Therefore the
recent development of satellite and other remote sensing systems allow for fluxes to be
measured over this hard region, as is the Arctic Ocean.

The subject of my doctoral work is increasing knowledge of the interactions that occur
in the European Arctic between the components of the Earth's climate system, and the
effects of their impacts as indicator of the progressive climate change. The work is
focused on the exchange rates with their efficiencies across the sea surface, and
estimating their uncertainties, based on satellite Earth’s Observational data.

This doctoral dissertation consists of three original research papers in which
subsequent stage of the work are described. The first article [1] focuses on calculation of



average wind speed in polar regions, in order to analyze the influence of the selected k
parameterization on air-sea CO, fluxes (F). Additionally, annually and monthly mean
values of net air-sea CO, fluxes were calculated. The second article [2] presents the
calculations of the values of individual air-sea CO, exchange components in the analyzed
year 2010, together with the analysis of spatio-temporal fluctuations of monthly mean
values of CO, fluxes, depending on changes in pCO,w and k. The third article [3]
documents the calculation of actual wind field from the North Atlantic and the European
Arctic in order to determine the magnitude of average monthly and annually momentum
transfer through the sea surface depend on selected non-dimensional Cp
parameterization.

2.2 Study region

The European sector of the Arctic (closely at the Atlantic sector of the Arctic),
referred as the ‘European Arctic’, consist of the Barents and Greenland seas, was chosen
as site for the study (Fig. 1). The Barents Sea is the largest of the Arctic Ocean seas
characterized by an inflow of warm, saline Atlantic water via the Norwegian Atlantic
Current and minimal freshwater inputs (Omar et al., 2003). The Greenland Sea is a major
pathway for the exchange of water between Arctic and Atlantic through the Fram Strait
(Nakaoko et al., 2006). Several factors in the Arctic Ocean makes its physical, chemical
and biological processes significantly different from the processes in the neighboring the
North Atlantic and the Pacific Ocean. The most notable are: coverage by sea ice, high
ratio of surrounding shallow seas; large summer inputs of fresh water and suspended and
dissolved matter input from the neighboring land margin; high level of primary
productivity inside the Arctic fjords. The Arctic Ocean has an important role in the global
freshwater cycle and the Atlantic Meridional Overturning Circulation. The outflow of cold
and relatively fresh waters, from the Arctic basins has an impact on the large-scale
thermohaline circulation and the average global ocean temperature. Arctic waters are
driven by the wind and by density differences. Air-sea strongly influences the seasonal
sea-ice coverage, as well as interannual changes of sea-ice distributions and thickness,
and sea-ice export from the Arctic Ocean.
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Fig. 1. Study Area —the European Arctic (source: basemap ArcGis) with sampling points.

2.3 Material and methods

To achieve all the research goals the following data were used:

e saline and climatological distribution of surface water pCO, - from Takahashi et al.
(2009) climatology, which was based on more than 3 million measurements in
open ocean environments during non-El Nifio conditions [Articles 1,2],

e pCO; and associated SST - from SOCAT v1.5 and v2.0 [Articles 1],

e SSTskin - from Advance Along Track Scanning Radiometer (ESA/ARC/(A)ATSR)
Global Monthly Sea Surface data set [Articles 1]

e wind speed at 10 m a.s.l. and sea roughness data were obtained from the
GlobWave project (available from the European Space Agency (ESA)) [Articles
1,2,3],

e SST data from Ifremer/CERSAT [Articles 2],

e k coefficient was estimated using Nightingale et al. (2000) parameterization
[Articles 2].

All inputs data and climatologies were linearly re-interpolated to a 1° x 1°
geographical grid from the original resolution, for year 2010, using a set of software
processing tools called the ‘FluxEngine’ (Shutler et al., 2016), which was created as a part
of ESA funded OceanFlux Greenhouse Gases project. Data were extracted for the
European Arctic from global resolution. Net air-sea CO, fluxes and momentum fluxes
were calculated.

For analysis of air-sea fluxes, different parameterizations were used. In the case of
the air-sea CO, fluxes five various parameterizations, differing in the dependence on wind
speed, were used [Article 1]:



Table 1 Gas transfer velocity values (k) over the ocean taken from the recent literature. U,y is the mean wind speed
measured at 10 m above the mean sea surface.

Eqg. no. Source k

1 Nightingale et al. (2000) | V/(660.0/ Scgyin) * (0.212 UZ, + 0.318 Uyo)
2 Ho et al. (2006) V(660.0/ Scein) * 0.254 UZ,
3 Wanninkhof and \/ 660.0/ S 0.0283 U3

McGillis (1999) (660.0/ Scsicin) * 0. 10

i 2

4 Wanninkhof (2014) V(660.0/ Scsin) * 0.251 Ufy
5 McGillis (2001) V(660.0/Scsrin ) * (3.3 + 0.026 U))

In the case of the air-sea momentum fluxes [Articles 3] seven different drag
coefficient parameterizations (Cp) were used. All of them are generated from vertical wind
profile, but differ in formula used:

Table 2 Neutral drag coefficient values over the ocean taken from the recent literature for a reference height of 10 m:
Cpio is the drag coefficient dependent on surface roughness, CDyq is the expression of neutral-stability (10-m drag
coefficient), Uqy is the 10-m neutral-stability wind speed, and a and b are proportionality constant.

Eq. no. Source Wind speed range [m s™'] Congro) (x10°)
6 Wu (1969) 1-15 0.5U5 0.5 Uho0S
7 Garratt (1977) 4-21 0.75 4+ 0.067U;,
3.1 7.7
9 Yelland and 3-6 0.29 + T + 0z
Taylor (1996) 6-26 10N ~10N
0.60 + 0.070U, oy
10 NCEP/NCAR everywhere 1.3
Large and .
11 everywhere +0.142 + 0.076Uon

Yeager (2004)

10

10N



Andreas et al. ( =
12 (2012) everywhere

b
UmN)Z = a® (14 - Uyon)?

a=0.0583, b=-0.243

All analyses were carried out at the Air-Sea Interaction Laboratory of the Institute of
Oceanology Polish Academy of Science in Sopot, using the methods described in detail in
the articles [1, 2 and 3].

2.4 Results and discussion

As indicated above, the first two publications focus on calculating the monthly, annual
and seasonal net air-sea CO, sink values, depending on formula used for estimating k, and
estimating uncertainty of the values, in the European Arctic and the North Atlantic [1] as
well as the spatial and temporal variability [2]. All calculations were made using the
FluxEngine software, where at first global gridded monthly net fluxes were produced and
subsequently the values for the study regions were extracted. The results presented in
Article 1 indicate that the annual net sea CO, sink in the Arctic Ocean varies from 0.102
PgC for Nightingale et al. (2000) parameterization to 0.147 PgC for McGillis et al. (2001).
In the case of the North Atlantic the values of the net absorption CO, by the ocean were
0.38 and 0.56 PgC, respectively, and in the case of global the values were 1.3 and 2.15 Pg
C, respectively. The same data “normalized” to the Nightingale et al. (2000)
parameterization, in order to visualization the relative differences, shown that results
obtained for the European Arctic from the three “quadratic” parameterizations (egs. 1, 2
and 4) were within 3 - 4 % of each other, and were smaller than results from the “cubic”
parameterizations (egs. 3 and 5), which were within 28 and 44 %, respectively. The
calculation results imply smaller relative differences between the parameterizations in
the European Arctic, and generally the North Atlantic, than in the global ocean. There
may be two reasons for this. The first one is the fact that most of the k formulas intersect
close to 9 m s, which is annual average wind speed calculating in the North Atlantic, and
when comparing quadratic and cubic functions the cubic ones implied higher air-sea flux
values for high winds, whereas the quadratic ones lead to higher fluxes for weaker winds.
The arithmetic form of this difference is explained in Articles 1. Second reason for smaller
inter-parameterization discrepancies in the Northern Hemisphere than many other basins
is the lack of seasonal variations in the sign of the air-sea flux, in several basins. The
European Arctic and the North Atlantic are characterized by strong fluctuations in fluxes
through the year. This confirmed that k parameterizations from eqgs. 1, 2 and 4 (Table 1)
may be used interchangeably, for the Arctic Ocean and the North Atlantic, with small
advantage for Nightingale et al. (2000) parameterization. Monthly mean of air-sea CO,
fluxes confirm that the Arctic Ocean, as a whole, is a sink of atmospheric CO, in every
month, with single regions that are net sources for CO,. Especially close to the North
Atlantic Drift and the East Greenland Current. All results were obtained using the
Takahashi et al. (2009) pCO; climatology but, for better understanding changes in the air-
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sea CO, fluxes, these data were compared with the data from the SOCAT v1.5 and v2.0
reanalysis. In the European Arctic monthly air-sea CO, fluxes calculated for different pCO,
data sets, using the same k parameterization, resulting in inverse seasonal variability but
values from annual net air-sea CO, fluxes results were similar: -1.02 Pg C for Takahashi et
al. (2009), -0.085 Pg C for SOCAT v1.5 and -0.088 Pg C for SOCAT v2.0. The reason of this
discrepancy may be due to the sparse data coverage and possible interpolation artefacts.
The research presented in Article 2 was concentrated on determining the importance
of k and pCO, on CO, budgets in the European Arctic during one year (2010). During the
analysis process the statistics of the variability were calculated. The results have shown
that in the Arctic 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 pCO, values plays a major role spatially, with some exceptions. The
average gas transfer velocity was estimated approximately 13.0 +1.9 cm h™ with the
average wind speed, during the study period, of 8 + 0.7 m s and a concentration of
pCO,yw 332.4 £11.8 patm. The SST was approximately 3.0 £1.6 2C and practical salinity
34.3. The pCO,y varies spatially and temporarily in comparison to pCO;,, what is a reason
of strong absorption CO, from the atmosphere, and during the study period, the values of
ocean pCO, were below the atmospheric levels. Calculated oceanic CO, uptake were
between -6 to -16 mgC m’ day'l, and the pCO,w concentrations varied between 360 to
290 patm. Zonal mean of pCO, values in February and August indicated that during the
summertime (from May to September) surface pCO, has decreased, in spite to seasonal
warming and oceanic CO, uptake, thank to high CO, exchange, which was
counterbalanced by the uptake of CO, by phytoplankton. Inside the Arctic fjords the
difference between pCO, in summer and winter was caused by lower surface-water pCO,
levels resulting from sea ice melt, dissolution of CaCOs, primary production. Differences in
the pCO, characterized of strongly correlation with changes in the pCO,y, especially in
wintertime (from October to April), when the average water temperature was higher than
the air temperature. Results from the analysis have shown that over spatial scales, the
air-sea CO; flux values were strongly positively linked to the pCO, (much less than with k)
during each month (r=0.757, p>0.05). Over temporal scale air-sea CO, fluxes were
strongly negative correlated with k (r = -0.935, p<0.05) with moderate negative
correlations in individual months. The variability in k contributes to only approximate 20
% of the Arctic monthly flux variability, while ApCO, contributes 50 % of total variability.
The third publication [3] focuses on calculation of actual wind field from the North
Atlantic and the European Arctic in order to determine the magnitude of average monthly
and annual mean momentum transfer through the sea surface, depending on selected
non-dimensional drag coefficient parameterization (Cp) (eqs. 6 - 12, Table 2). Despite
many empirical measurements and using satellite data, the Cp parameterizations still have
wide spread in values at low and moderate wind speed. The Cp values increased linearly
with the increasing of wind speed, when parameterizations (6 — 8, Table 2) were used,
with decreasing at the conditions of week winds, when parameterizations (9, 11, 12,
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Table 2) were used. The results showed that at low wind values (<10 m s™) the differences
between particular Cp parameterizations are greater than at higher speeds (>10 m s™),
and the most outlier results are those obtained from the power law parameterization of
Andreas et al. (2012) (12, Table 2). At low winds uncertainty are higher (factor of 0.5 —
1.5, depends on formula used), while at moderate winds it is uncertainty by a factor of
1.5 — 2.0. Direct comparison of the results from the latest Cp parameterizations (11 and
12, Table 2) changing seasonally depending on the research area, with the oldest formula
(6, Table 2) showed that formula (12, Table 2) gives results for Cp close to zero at winds 3
-5 m s™. This outcome suggests that, results for the Cp may be close to zero for different
area but with similar winds speed environmental. Additionally, the oldest Cp
parameterizations (6, Table 2) produce higher wind stress values than the newest ones
(eqg. 12) in both regions with high and low winds, and Cp values are consistently higher for
all wind speeds. Mean monthly air-sea momentum flux, calculated for the European
Arctic, the North Atlantic and global, showed that region without seasonal wind speed
changes, has similar constant values of momentum flux (with annual amplitude
approximately 0.02 N m™. For the European Arctic the situation is more complicated
because of strong seasonal wind changes. In the Arctic summer, Andreas et al., (2012)
parameterization produces the least wind stress, while all the other parameterizations
are very similar qualitatively. The annual European Arctic momentum fluxes, depending
on the formula used, varied from 0.329 for Andreas et al. (2012) to 0.375 N m™ for Wu
(1969) and are higher than in the North Atlantic and in global. In the case of the North
Atlantic annual, the values were 0.290 and 0.333 N m™ and globally 0.283 to 0.322 N m?,
respectively. For better visualization of the relative differences, the data were normalized
to the (12, Table 2) parameterization (presented as percentage of this value). The results
of the air-sea momentum flux differ to each other, in the range of 1 % in comparison to
(11, Table 2) parameterization to 14 % for (6, Table 2). As the value of air-sea momentum
flux is important for ocean circulation, its correct calculation in coupled models is very
important, especially in the Arctic Ocean, where cold halocline stratification depends on
the amount of sea-water mixing. It has been proved that the parameterization formulas
used in the NCEP/NCAR and Large and Yeager (2004) climate models, produced stress
results differ by about 5 %, with higher monthly values.

2.5 Conclusion

This study made possible the determination of the rate of air-sea exchange in the
European Arctic, together with uncertainties resulting from various gas transfer velocity
coefficients and drag coefficient. The obtained results significantly improve our
knowledge of the role of the Arctic fluxes in global circulation, indicating that the
European Arctic is significantly different, in the case of some physical conditions, to the
neighboring North Atlantic Ocean. This doctoral dissertation thesis encompasses papers
that comprehensively address the transfer processes through the sea surface and
coefficients driving the gases and momentum exchange-the gas transfer velocity and the
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drag coefficient parameterization-with their uncertainty in monthly and annual scale. The
insightful and original aspect of this PhD thesis is using the recently development
software, which was created to encourage the use of satellite Earth Observation data for
studying air-sea fluxes, which allowed me to estimate the fluxes as an effect of constantly
study. Exclusion of gaps in the study period allowed conducting insightful and precision
study, which accurately reflects the actual conditions in the Arctic Ocean.

To sum up this doctoral dissertation explores extensively issues concerning the role of
the adequately parameterizations for calculating significant parameters in air-sea
exchange calculations. Due to the relative small number of data available for the polar
regions, those studies are of particular importance and may have broad applicability, for
example, in numerical physical models used in the European Arctic.
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3. Streszczenie (Abstract in Polish)

3.1 Wstep

Modele numeryczne w badaniach oceanograficznych wykorzystywane sg m.in. do
okreslenia ilosciowej odpowiedzi oceanu na postepujace zmiany klimatyczne. Waznym
aspektem tych modeli jest okreslenie transferu energii miedzy oceanem a atmosferg,
wyznaczenie strumieni wymiany masy, pedu oraz gazéw (jak na przyktad CO,), ciepta i
aerozoli. Efektywno$¢ tych transferéw przez powierzchnie morza, zalezy w duzym stopniu
od: predkos¢ wiatru, temperatury powierzchniowej akwenu, zasolenia, wilgotnosci.
Okreslenie wielkosci strumieni wymiany jest szczegdlnie wazne dla rejondw polarnych,
zwtaszcza Oceanu Arktycznego, ze wzgledu na spadek przyrostu grubosci sezonowego
lodu morskiego w wyniku wzrostu sredniej temperatury powietrza, duze letni doptyw
wody stodkiej i zawiesiny z przylegajgcych ladéw oraz wysoki poziom produkcji pierwotne;j
w fiordach Arktycznych.

Gazy atmosferyczne, takie jak azot (N,), tlen (O,) i dwutlenek wegla (CO;), s3 silnie
pochtaniane przez powierzchnie oceandw, zmieniajgc warunki srodowiskowe warstwy
granicznej, a w wyniku procesdw mieszania sie wod oraz pradédw morskich,
transportowane sg do gtebszych warstw gdzie sg deponowane. W wyniku poboru CO,
przez oceany, z jednej strony koncentracja CO, w atmosferze, wynikajgca ze wzrostu
antropogenicznych i naturalnych emisji, jest zmniejszona, co bezposrednio oddziatuje na
obserwowane zmiany klimatu, ale z drugiej strony powoduje to zwiekszone zakwaszenie
oceandw. Procesy wymiany gazowe] taczg sie bezposrednio ze stanem dynamicznym
powierzchni morza, dlatego waznym jest, do petnego opisu zmian zachodzacych w
systemie klimatycznym Ziemi, wyznaczenie strumieni turbulentnych. Warunki silnych
wiatréw nad Oceanem Arktycznym, szczegdlnie w okresach zimowych oraz duzy rozbieg
fal powinny warunkowac precyzyjne okreslenie strumieni wymiany pedu, zaleznych od
gradientu predkosci wiatru przywodnego. Jednak, obliczenia te, pomimo wielu lata
badan, nie sg dotychczas znane analitycznie, w wyniku niedostatecznych danych
empirycznych, w zwigzku z tym powszechne jest stosowanie zatozen upraszczajgcych albo
wykorzystywanie modeli bazujgce na przyblizonych metodach ich rozwigzan. Wedtug
raportu IPCC to wtasnie brak odpowiedniej liczby danych empirycznych jest
podstawowym Zrédtem niepewnosci w okresleniu globalnego bilansu gazow
cieplarnianych (Ciais i in., 2013).

Pomiary empiryczne wykorzystywane do obliczania bezposrednich pél strumieni
okazaty sie niewystarczajgce, w zwigzku z tym zostaty opracowane i zweryfikowane wzory
parametryzacji, umozliwiajgce wykorzystanie danych zaréwno z obserwacji
bezposrednich, jak i satelitarnych (SCOR Report, 2000). Podstawowymi parametrami
wykorzystywanymi w formutach parametryzacji dla strumieni turbulentnych sg: predkos¢
wiatru, temperatura i wilgotnosci, natomiast dla strumieni CO,: predkos¢ wiatru,
temperatura i zasolenie. Poniewaz wzory te pozwalajg na wykorzystanie danych
satelitarnych w badaniach strumieni wymiany przez powierzchnie morza, zostaty one
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uzyte w analizach serii publikacji bedgcych sktadowg ponizszej pracy doktorskiej. Wybér
odpowiedniej parametryzacji mozliwej do zastosowania w rejonach polarnych w wyniku,
ktorej rezultaty nie bedg ani przeszacowane ani niedoszacowane, nie jest oczywisty ani
prosty. W literaturze funkcjonuje, co najmniej pie¢ formut na obliczanie wspdtczynnika
predkosci wymiany gazowej (k), ktére réznig sie miedzy sobg funkcjg predkosci wiatru
(kwadratowa i szescienna zaleznosc¢) oraz wiele formut w celu wyjasnienia wspotczynnika
oporu (Cp) dla wiatru, przy okreslaniu turbulentnej wymiany pedu. Pomimo wieloletnich
badan nie udato sie stworzyé¢ zunifikowanej formuty na parametryzacje Cp (Andreas i in.,
2012).

Badania strumieni wymiany przez powierzchnie morza, w Oceanie Arktycznym staty sie
w ostatnim czasie przedmiotem uwagi, poniewaz zauwazono wzrost ich wartosci, co jest
bezposrednim indykatorem obserwowanych zmian klimatycznych. Kierunek i predkos¢
wymiany CO, na granicy powierzchni morza warunkowane sg przez iloczyn rdznicy
koncentracji cisnienia parcjalnego (ApCO,) miedzy powierzchniowg warstwg wody
morskiej a przylegajgcg warstwag atmosfery oraz wspdtczynnik predkosci wymiany
gazowej k. Analiza wymiany gazowej ma na celu rozwigzanie dwdch problemdw
naukowych (Mattews, 1999), oba zawarte sg w ponizszej pracy doktorskiej: pierwszy to
okreslenie rdéznic koncentracji CO, na powierzchni morza, przy jednoczesnym
ograniczeniu niepewnosci pomiaru. Drugi problem dotyczy wyboru odpowiedniej formuty
parametryzacji wsp. k, ktéra jest bezposrednig funkcja predkosci wiatru (Uq) i
temperatury powierzchniowej (SST), wraz z wyznaczeniem dokfadnych wartosci tego
wspotczynnika. Najczestszym zrodtem niedoktadnosci wynikdéw i niepewnosci pomiaréw,
w Oceanie Arktycznym, jest zastosowanie nieodpowiedniej parametryzacji wsp. k, dla
tego regionu, powodujacym rozbieznos¢ w wynikach nawet na poziomie 50 % (Gregg i in.,
2014), natomiast w skali czasowej zmiany strumieni wymiany CO, wynikajg w znacznym
stopniu ze zmiennosci ApCO, (nawet 60 % zmiennosci miedzyrocznej) (Couldrey i in.,
2016). Na poczatku ery przemystowej koncentracja CO, wynosita 277 ppm (Joos i Spahni,
2008), podczas gdy w 2017 r., wzrosta do 405 ppm (Le Quéré i in., 2018). Wody Oceanu
Arktycznego pochtaniajg CO, z atmosfery na poziomie 0.12 £0.06 PgC rok™ (Pg = 10" g),
przy globalnym pochtanianiu na poziomie 2.2 0.5 PgC rok™* (Goddijn-Murphy i in., 2015,
Gruber 2009, Takahashi i in., 2009). Srednia wielko$¢ strumieni w fiordach Arktycznych
zostata oszacowana na poziomie -12 +4 gCm™ rok™ (Cai i in., 2006). Znak ‘-* oznacza
strumienie skierowane pionowo w dét. Najnowsze badania wykazaty, ze 82 % globalnych
emisji CO, spowodowanych jest emisjg kopalnego wegla a 18 % zmianami w uzytkowaniu
gruntow. Z tego 45 % CO, zdeponowane jest w atmosferze, 24 % w oceanie i 30 % w
biomiasie lgdowej (Le Quéré iin., 2018).

Turbulentna wymiana pedu napedza cyrkulacje oceaniczng, tworzgc oceaniczne wiry i
systemy pradowe, ktore mogg redystrybuowaé ciepto w oceanie. Doktadne opisanie
strumieni wymiany pedu na granicy powierzchni morza stanowi ztozony problem, a
zastosowanie uproszczonych parametryzacji w modelach klimatycznych, nie daje
precyzyjnych wynikéw (Csandy, 2004). W niniejszej pracy doktorskiej skupitam sie na
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zbadaniu przeptywéw pedu nad Oceanem Arktycznym z wykorzystaniem danych
satelitarnych, ze wzgledu na pomijanie tego regionu w obliczeniach strumieni wymiany
uwarunkowane zbyt matg iloscig reprezentatywnych danych empirycznych, a co za tym
idzie wysokimi niepewnosciami pomiaru (nawet 30 %). Cp jest rosngca funkcjg predkosci
wiatru w zakresie umiarkowanych srednich predkosci wiatru (zakres wartosci predkosci 5
-10 m s™), ze wzgledu na rosnaca szorstkoé¢ powierzchni morza, oraz stabo rosnaca przy
bardzo silnych wiatrach. Wszystkie parametryzacje na obliczanie wsp. Cp generowane s3 z
pionowych profili wiatru, ale rdznig sie zastosowanymi formutami zaleznosci pomiedzy Cp
a Ujyo. Trzy gtdwne zmiennosci opisujgce te zaleznosci to zmiennos¢ liniowa (jak np.
Garratt 1977, Wu 1982), funkcja kwadratowa (jak np. Wu 1969) i wartos¢ stata (model
NCEP/NCAR). Dotychczasowe analizy wsp. Cp skupiaty sie na poréwnaniach dostepnych
parametryzacji w celu zunifikowania i zawezenia kregu formut pomiarowych, ale bez
okreslania niepewnosci pomiarow wynikajgcych z zastosowania odpowiedniej formuty
parametryzacji, oraz nie dotyczyty Oceanu Arktycznego. Jako, ze niepewnosé
parametryzacji wsp. Cp nadal jest stosunkowo wysoka najnowsze badania do obliczenia
wymiany pedu wykorzystujg formuty parametryzacji (np. Andreas i in., 2012) bazujace na
wspotczynniku predkosci tarcia (u*), ktory réwniez jest funkcjg sredniej predkosci wiatru.
Analizy wynikéw otrzymanych z uzycia formuty Cp i u wykazaty mniejsze empiryczne
niepewnosci przy wykorzystaniu formuty wsp. u.

Gtéwnym celem mojej pracy doktorskiej bylo poszerzenie wiedzy dotyczacej roli
strumieni wymiany miedzy sktadnikami systemu klimatycznego Ziemi, wraz z skutkami ich
oddziatywania, jako wspdtczynnika obrazujgcego postepujace zmiany klimatyczne. Praca
miata na celu okreslenie wielko$ci strumieni wymiany i ocenie efektywnosci tych
transferéw, w oparciu o dane satelitarne, na granicy oddziatywania morza i atmosfery w
zimnych akwenach europejskiego sektora Oceanu Arktycznego. Aby osiggngé zamierzony
cel, koniecznym byto:

e przeprowadzenie analiz parametryzacji wspdtczynnikdw predkosci wymiany w

odniesieniu do warunkéw panujgcych w Oceanie Arktycznym,

e wyznaczenie odpowiedniej parametryzacji dla rejonu polarnego, na podstawie

niepewnosci pomiardéw,

e obliczenie wielkosci zmiennosci miedzyletniej i sezonowej wymiany przez

powierzchnie morza,

e okreslenie gtéwnych czynnikdw powodujgcych zmiany tempa i wielkosci wymiany,

zaréwno w skali czasowej jak i przestrzennej.

Na prace doktorskg sktadajg sie trzy, oryginalne artykuty naukowe, w ktérych opisane
sg przeprowadzone badania. Pierwszy artykut [1] skupia sie na obliczeniach $redniej
predkosci wiatru w rejonach polarnych, w celu analizy wybranych parametryzacji
wspodtczynnika k wraz z niepewnosciami, oraz obliczeniu $rednich rocznych wartosci
strumieni wymiany netto CO, Drugi artykut [2] przedstawia obliczenia wielkosci
poszczegdlnych komponentéw wymiany CO, w analizowanym roku 2010, wraz z analizg
fluktuacji czasowych i przestrzennych srednich miesiecznych wartosci strumieni CO,, w
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zaleznosci od wahania dwdch podstawowych komponentéw, warunkujacych kierunek i
predkos¢ transferu przez powierzchnie morza — ApCO, i wspodtczynnika k. Trzeci artykut
[3] dokumentuje wyniki analiz rzeczywistych pdél wiatréw w Pétnocnym Atlantyku i
europejskim sektorze Oceanu Arktycznego, w celu okreslenia srednich miesiecznych i
rocznych wartosci transferu pedu, przez powierzchnie morza, w zaleznosci od wybranej
formuty parametryzacji wspotczynnika Cp.

3.2 Rejon badan

Badania byty prowadzone w Europejskim sektorze Arktyki, zwanym ,europejska
Arktyka”, w sktad, ktérego wchodzg Morze Barentsa i Grenlandzkie (Rys. 1). Morze
Barentsa jest najwiekszym z mérz Oceanu Arktycznego, charakteryzujacym sie naptywem
cieptej, zasolonej wody atlantyckiej niesionej przez prad Norweski, wyodrebniajacy sie z
pragdu Pétnocnoatlantyckiego, i minimalnymi naktadami wody stodkiej (Omar i in. 2003).
Morze Grenlandzkie stanowi gtdwng droge wymiany wéd, przez Ciesnine Fram, miedzy
Oceanem Arktycznym a Pétnocnym Atlantykiem (Nakaoko i in.,) 2016. Kilka czynnikéw w
Oceanie Arktycznym sprawia, ze procesy fizyczne, chemiczne i biologiczne znacznie rdéznig
sie od procesdw w sgsiednim Oceanie Atlantyckim i Pacyficznym. Nalezg do nich:
sezonowe pokrycie lodem morskim, wysoki wspodtczynnik otaczajgcych ptytkich moérz,
duze letnie doptywy swiezej wody i sptyw zawiesiny i rozpuszczonej substancji z
sgsiadujacych ladow, jak réwniez wysoki poziom produkcji pierwotnej wewnatrz fiordow
Arktycznych. Odptyw zimnych i ,Swiezych” wdd z basenu arktycznego wptywa na
cyrkulacje termohalinowa (THC) i $rednig globalng temperature oceanu Swiatowego.
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Rys. 1 Mapa zaznaczonego rejon badan — Arktyka Europejska (zrédto: basemap ArcGis).

3.3 Materiaty i metody badan
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Aby zrealizowaé wyznaczone cele badawcze przeprowadzono analizy przy wykorzystaniu
ponizszych danych:

praktyczne zasolenie i klimatologia rozktadu koncentracji pCO, w wodzie morskiej
z klimatologii Takahashi i in. (2009). Klimatologia ta opiera sie na ponad 3
milionach pomiaréw w otwartych wodach oceanicznych, w warunkach braku
wystepowania zjawiska El Nifio [Artykut 1],

pCO, i powigzana warto$é temperatury powierzchniowej [SST] wod z SOCAT v1.5i
v2.0 [Artykut 1],

temperatura gornej warstwy powierzchniowej woéd [SSTgin] z radiometru
skanujgcego bedacego na wyposazeniu satelity Europejskiej Agencji Kosmicznej
[Artykut 1],

predko$é wiatru na 10 m n.p.m. i chropowato$¢ morza z projektu GlobWave
[Artykut 1, 2, 3],

SST z baz Ifremer/CERT [Artykut 2],

formuta wspétczynnika k z parametryzacji Nightingale i in. (2000) [Artykut 2].

Wszystkie powyzsze dane wejsciowe i klimatologie, zostaty liniowo zinterpolowane do

siatki 1° x 1°, dla roku 2010, przy uzyciu oprogramowania ‘Fluxengine’ (Shutler i in., 2016)

stworzonego w ramach grantu ufundowanego przez Europejskg Agencje Kosmiczng —

Greenhouse Gases Project. Wyodrebnione dane zostaty uzyte w celu obliczenia strumieni

wymiany CO, i pedu dla Arktyki Europejskie;j.

W analizach strumieni CO, [Artykut 1, 2] wykorzystano pieé¢ powszechnie

uzywanych parametryzacji stworzonych do obliczania wspodfczynnika k, réznigcych sie

pomiedzy sobg stopniem zaleznosci od predkosci wiatru.

Tabela 1. Formuty parametryzacji wspotczynnika k, funkcjonujgce w literaturze. Sc — liczba Schmidta, U, — predkosc
wiatru na 10 m n.p.m.

Nr. zrédto wzOr na wsp. k
1 Nightingale et al. (2000) | v/(660.0/ Scgrin) * (0.212 UZ, + 0.318 Uy,)
2 Ho et al. (2006) V(660.0/ Scgpin) * 0.254 U2,
3 Wanninkhof and J(660.0/ S 0.0283 U3

McGillis (1999) (660.0/ Scsiin) * 0. 1o

. 2

4 Wanninkhof (2014) V(660.0/ Scsgin) * 0.251 Uio
5 McGillis (2001) V(660.0/Scpin ) * (3.3 + 0.026 Uo®)
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W celu obliczenia strumieni wymiany pedu [Artykut 3] wykorzystano siedem réznych

parametryzacji na obliczanie wspdfczynnika oporu.

Wszystkie parametryzacje

generowane sg z pionowego profilu wiatru, ale réznig sie zastosowang formuta.

Tabela 2. Wybrane formuty parametryzacji wspoétczynnika tarcia (Cp), funkcjonujace w literaturze.

Zakres predkosci wiatru

Nr. zrédto hages Concro) (x10°)
6 Wu (1969) 1-15 0.5U%’ 0.5 U105
7 Garratt (1977) 4-21 0.75 + 0.067U;,
8 Wu (1982) >1 0.8 + 0.065U,,
31 77
9 Yelland and 3-6 0.29 + T + 02
Taylor (1996) 6-26 10N ~10N

10 NCEP/NCAR

Large and

B Yeager (2004)

Andreas et al.

12 (2012)

w kazdych warunkach

w kazdych warunkach

w kazdych warunkach

0.60 + 0.070U, oy

1.3

+0.142 + 0.076U; oy
U10N

u*

(

b
UION)Z = a* 1+ 2 Uion)?

a=0.0583, b=-0.243

Wszystkie analizy zostaty przeprowadzone w Pracowni Wzajemnego Oddziatywania
Morza i Atmosfery w Instytucie Oceanologii Polskiej Akademii Nauk w Sopocie,
wykorzystujgc metody szczegbétowo opisane w artykutach [1, 2, 3].

3.4 Woyniki i dyskusja

Jak juz wspomniano wyzej, pierwsze dwie publikacje skupiajg sie na obliczaniu

miesiecznych, sezonowych i rocznych wartosci netto pochtaniania CO, przez powierzchnie

oceanu, wraz z oszacowaniem niepewnosci pomiardw, w Arktyce Europejskiej [1] wraz z

wyznaczeniem zmiennosci czasowo-przestrzennych wielkosci strumieni wymiany [2].
Wyniki przedstawione w publikacji [1] wykazujg, ze roczna wartos¢ pochtanianego CO,
przez Ocean Arktyczny waha sie od 0.102 PgC dla parametryzacji Nightingale i in. (2000)
do 0.147 PgC dla parametryzacji McGillis i in. (2001). W Pétnocnym Atlantyku ilos¢
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pochtanianego CO,, netto, wynosita odpowiednio 0.38 i 0.56 PgC, a globalne wartosci
wahaty sie od 1.3 do 2.15 PgC. Niepewnosci tych samych danych, znormalizowane do
parametryzacji Nightingale i in. (2000) w celu wizualizacji réznic wzglednych, wykazaty, ze
wyniki uzyskane dla europejskiego sektora Arktyki z formut uzywajacych kwadratowe
funkcje predkosci wiatru (réwnania 1,2 i 4, Tabela 1) réznity sie miedzy sobg o ok.3-4 % i
byty mniejsze niz wyniki z formut funkcji szesciennych, ktére wynosity odpowiednio 28 i
44 %. Dodatkowo, wyniki prowadzonych obliczen dowodzg mniejsze wzgledne rdznice
niepewnosci rezultatéw w Arktyce Europejskiej i Pétnocnym Atlantykiem anizeli globalnie.
Wyniki te byly zaskakujgce ze wzgledu na wyzisze srednie predkosci wiatru na poétkuli
potnocnej, niz globalnie. Powodem takiego stanu rzeczy jest fakt, ze wartosci wsp. k, dla
réznych parametryzacji, s3 jednakowe dla predkosci wiatru, ok. 9 m s, ktéra to jest
$rednig roczng predkoscig wiatru Pétnocnego Atlantyku. Funkcja kwadratowa i szescienna
wiatru musi sie przecinac, aby uzyskac¢ podobne srednie globalne wartosci. W ten sposéb
wyzsze wartosci funkcji szesciennych dla silnych wiatréw sg rdwnowazone przez wyzsze
wartosci kwadratowych dla wiatréw stabych. Predkos¢ wiatru na skrzyzowaniu musi byé
wyzsza niz $rednia globalna predko$¢ wiatru, poniewaz rozbieznosci miedzy réznymi
parametrami wzrastajg wraz z predkoscig wiatru. Region Pétnocnego Atlantyku wraz z
Oceanem Arktycznym wydaje sie przez przypadek miec¢ idealng srednig predkos$¢ wiatru,
aby wszystkie parametryzacje skutkowaty podobnymi rocznymi strumieniami. Formuta
arytmetyczna tych réznic jest doktadnie opisana w publikacji [1]. Drugim powodem jest
zmiennos¢ sezonowa kierunku przeptywu strumieni CO,. W wielu regionach Swiata
kierunek przeptywu zmienia sie miedzy zimg a latem, a predkos¢ wiatru jest znacznie
wieksza w zimnej porze roku. Uzywajac matematycznych rozwigzan zostato wykazane, ze
w przypadku sezonowosci strumieni, réznice miedzy parametryzacjami czeSciowo sie
anulujg, co nie ma miejsca, gdy strumienie nigdy nie zmienig swojego kierunku. Badania
potwierdzity, ze parametryzacje wsp. k z réwnan (1, 2, 4, Tabela 1) mogg by¢ uzywane
zamiennie, dla obliczen zmian w Oceanie Arktycznym i Pétnocnym Atlantyku, z niewielka
przewaga mniejszych niepewnosci dla parametryzacji Nightingale i in. (2000).
Potwierdzone zostato stwierdzenie, ze Ocean Arktyczny, jako catos¢, silnie pochtania
atmosferyczny CO,, z nielicznymi miejscami, na styku z Prgdem Pdtnocnoatlantyckim i
Prgdem Wschodniogrenlandzkim, gdzie CO, jest oddawany do atmosfery. Wszystkie
wyniki uzyskano za pomocg klimatologii pCO, Takahashi i in. (2009), jednak dla lepszego
zrozumienia zmian i ich wizualizacji, dane te zestawiono z danymi z reanaliz SOCAT v1.5 i
v2.0. W europejskim sektorze Arktyki, miesieczne wartosci strumieni CO,, obliczone na
podstawie réznych danych pCO, ale dla tych samych parametryzacji, skutkowaty
odwrotng zmiennoscia sezonowg, przy zblizonych wartosciach srednich rocznych
strumieni wynoszacych: -1.02 PgC dla Takahashi i in. (2009), -0.085 PgC dla SOCAT v1.5i -
0.088 PgC da SOCAT v2.0. Przyczyng tych rozbieznosci moze by¢ rdznica przestrzenna
danych i mozliwe artefakty interpolacji.

Badania przedstawione w artykule [2] koncentrowaty sie na obliczeniach wartosci
poszczegdlnych komponentdéw strumieni wymiany CO, oraz okre$leniu stopnia wptywu
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oddziatywania wsp. k i pCO; na budzet CO, w Arktyce Europejskiej. Wyniki wykazaty, ze w
Oceanie Arktycznym zmienno$¢ predkosci wiatru, a co za tym idzie fluktuacja wsp. k, na
ogot odgrywajg gtéwng role w okreslaniu wielkos$ci pochtfaniania CO, przez powierzchnie
styku, w skali czasowej, podczas gdy miesieczna fluktuacja pCO, wptywa na wahania
wartoéci netto CO, w skali przestrzenniej. Srednig predkos$¢ przenoszenia gazu
oszacowano na okoto 13.0 +1.9 cm h™ z érednia predkoscia wiatru, w analizowanym roku
2010, wynoszaca 8 0.7 m s™ i stezeniem pCO,y 332.4 +11.8 patm. Wartoséé temperatury
powierzchniowej Oceanu Arktycznego wyniosta okoto 3.0 +1.6 2C a praktyczne zasolenie
34.3. pCO,yw charakteryzuje sie fluktuacjami w skali czasowo-przestrzennej, w poréwnaniu
do pCO,4, co wynika z faktu silnego pochtaniania CO, przez ocean. W badanym okresie
koncentracji pCO, w oceanie byta ponizej poziomu atmosferycznego. Obliczony pobér CO,
wynosit od -6 do -16 mgC m™ dzied™, a koncentracja pCO,w wahata sie od 360 do 290
patm. Srednia wartoéé pCO, w lutym i sierpniu wskazywata, ze w okresie letnim
(zdefiniowanym jako czas od maja do wrzesnia) nastgpit spadek koncentracji w warstwie
powierzchniowej, pomimo absorpcji CO, przez ocean, dzieki wysokiej wymianie z
powietrzem, ktéra zostata zrownowazona przez absorpcje CO, przez fitoplankton. W
fiordach Arktyki réznica miedzy pCO, latem i zimg byta spowodowana nizszg koncentracjg
pCO,w wynikajacg z topnienia lodu morskiego, rozpuszczania CaCOs; i zwiekszonej
produkcji pierwotnej. Réznice w pCO, charakteryzujg sie silng korelacjg ze zmianami w
pCO,w, zwtaszcza w okresie zimowym (od pazdziernika do kwietnia), kiedy $rednia
temperatura wody jest wyzsza niz temperatura powietrza. Wyniki analizy pokazaty, ze w
skali przestrzennej wartosci strumienia CO, powietrze-morze byty silnie dodatnio
skorelowane z pCO; (znacznie mniej niz z k) podczas kazdego miesigca (r = 0.757, p> 0.05).
a w skali czasowej silnie ujemnie skorelowane z k (r = -0,935, p <0,05) z umiarkowanymi
ujemnymi korelacjami w poszczegdlnych miesigcach. Zmienno$é k przyczynia sie do
wyjasnienia jedynie okoto 20 % wahan miesiecznego strumienia CO, w Arktyce, podczas
gdy ApCO, przyczynia sie do wyjasnienia 50 % catkowitej zmiennosci.

Trzecia publikacja [3] koncentruje sie na obliczeniu rzeczywistych pdl wiatru z
Pétnocnego Atlantyku i europejskiej Arktyki w celu okreslenia srednich miesiecznych i
rocznych wartosci strumieni pedu przez powierzchnie morza, w zaleznosci od wybranej
parametryzacji na obliczanie bezwymiarowego wspétczynnika oporu (Cp) (réwnania 6 —
12, Tabela 2). Mimo prowadzenia cigglych analiz pomiaréw empirycznych, oraz
wykorzystywania danych satelitarnych, rozrzut wartosci wynikdéw obliczen wsp. Cp wcigz
ma szeroki zakres, zardwno dla niskich i umiarkowanych $rednich predkosci wiatru.
Rezultat badan wykazat, rozrzut wartosci Cp w zaleznos$ci od uzytej formuty. Wielkos$é wsp.
Cp rosnie liniowo z wzrostem predkosci wiatru przy uzyciu formut (6-8), natomiast przy
uzyciu formut 9, 11,12 (Tabela 2) maleje przy niskich srednich predkosciach wiatrow.
Udowodniono, ze przy nizszych wartosciach $rednich predkosci wiatru (<10 m s%) réznice
miedzy poszczegdlnymi parametryzacjami Cp sg wieksze, niz przy wyzszych predkosciach
(> 10 m ') a najbardziej odstajagcymi wynikami sa te uzyskane z zastosowania
parametryzacji (12). W warunkach stabych wiatrow niepewnos$¢ pomiaréw jest wieksza
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(wspdtczynnik 0.5 — 1.5, w zaleznosci od uzytej formuty), niz w warunkach umiarkowanych
predkosciach (niepewnos$¢ o wspétczynnik 1.5 — 2.0). Bezposrednie poréwnanie wartosci
wynikdéw z najnowszych parametryzacji Cp (11 i 12, Tabela 2), zmieniajgcych sie sezonowo
w zaleznosci od rejonu badan, z najstarszg formuta (6, Tabela 2) wykazato, ze formuta (12,
Tabela 2) daje wyniki blisko zerowemu wspdtczynnikowi oporu, dla wiatréw o sile 3-5m s
1 Wyniki te sugeruja, ze $rednie wartosci wspdtczynnika oporu dla réznych rejonéw o
podobnych predkosciach wiatru, mogg by¢ bliskie zeru. Dodatkowo dowiedziono, ze
najstarsze parametryzacje Cp (6,7, Tabela 2) ulegly ,przedawnieniu” i skutkujg
zawyzonymi wynikami strumieni wymiany, w kazdych warunkach, anizeli parametryzacje
stosunkowo nowe (11, 12, Tabela 2). Srednie miesieczne wartoéci obliczone dla Arktyki
Europejskiej, Potnocnego Atlantyku i globalnie, w celu poréwnania, wykazaty, ze rejony,
gdzie nie wystepuja sezonowe zmiennosci predkosci wiatru, charakteryzujg sie
podobnymi, statymi wielkosciami strumieni pedu (ok. 0.28 — 0.34 N m?, w zaleznosci od
uzytej formuty, przy rocznej amplitudzie ok. 0.02 N m?). W Arktyce Europejskiej ze
wzgledu na duze roczne amplitudy predkosci wiatru, sytuacja jest znacznie
skomplikowana. W miesigcach letnich, formuta (12, Tabela 2) daje wyniki najnizsze,
podczas gdy pozostate wyniki wartosci Cp sg zblizone, dla kazdej zastosowanej formuty.
Srednie roczne strumienie wymiany pedu w Oceanie Arktycznym wahajg sie od 0.329 dla
formuty Andreasa i in. (2012) do 0.375 N m™ dla Wu (1969) i sg wyzsze niz w Péthocnym
Atlantyku i globalnie. W Pétnocnym Atlantyku wartosci te wynosity, odpowiednio, 0.290 i
0.333 N m?i globalnie 0.283 do 0.322 N m%. Dane, znormalizowane do formuty Andreas i
in. (2012) dowiodty wzgledne rdéznice pomiedzy zastosowanymi parametryzacjami
wahajgce sie od 1 % (11) do 14 % (6). Poniewaz okreslenie wielkosci strumieni wymiany
jest istotne przy opisie cyrkulacji oceanicznej, stosowanie ich poprawnych wartosci w
modelach numerycznych jest kluczowe, szczegdlnie dla modeli Oceanu Arktycznego, ze
wzgledu na wystepowanie halokliny. Dowiedziono, ze formuly parametryzacji
zastosowane w modelach klimatycznych NCEP/NCAR i Large and Yeager (2004), daja
niepewnosci srednich wartosci na poziomie 5 % z jeszcze wiekszymi w skali miesieczne;.

3.5 Podsumowanie

Przeprowadzone badania pozwolity okresli¢ wielkos¢ strumieni wymiany CO, i pedu
przez powierzchnie morza w europejskim sektorze Arktyki, wraz z niepewnosciami
wynikajgcymi z zastosowania rdéinych parametryzacji na wspdfczynniki predkosci
transferu k i wspdtczynnika oporu Cp. Uzyskane wyniki znaczgco poszerzyty wiedze
dotyczacg roli poszczegdlnych komponentéw transferu przez warstwe styku, oraz
wzbogacity obecny stan wiedzy w ciggte dane o tempie zmian klimatu. Wskazujg one, ze
europejska Arktyka znacznie rézni sie pod wzgledem badanych wartosci, od sgsiadujgcego
Pétnocnego Atlantyku, pomimo statej wymiany wod zachodzgcej pomiedzy tymi
oceanami. Niniejsza rozprawa doktorska obejmuje artykuty, ktére kompleksowo odnosza
sie zaréwno do procesow jak i wspdtczynnikdw napedzajgcych strumienie wymiany CO, i
pedu, predkosci przenoszenia gazu i parametryzacji wspodfczynnika oporu, z
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niepewnosciami wartosci w miesiecznych i rocznych obliczeniach. Ponadto okreslono
stopien wptywu poszczegdlnych komponentédw strumieni CO, na wielkosci wymiany, w
zaleznosci od rozpatrywanej skali. Whnikliwym i oryginalnym aspektem tej pracy
doktorskiej jest wykorzystanie danych satelitarnych w niedawno opracowanym modelu
numerycznym FLuxEngine, co pozwolito na zmniejszenie niepewnosci wynikajgce z
niewystarczajacej ilosci danych oraz na wykluczenie luk, w badanym okresie, dzieki czemu
opisane warunki odzwierciedlajg rzeczywiste warunki w Arktyce Europejskiej

Podsumowujac, praca doktorska z duzg doktadnoscig analizuje kwestie zastosowania
odpowiednich parametryzacji w obliczeniach oddziatywania morza i atmosfery. Ze
wzgledu na stosunkowo niewielky liczbe danych dostepnych dla rejondéw polarnych
badania te, majg szczegdlne znaczenie i mogg miec szerokie zastosowanie, na przyktad w
numerycznych modelach fizycznych stosowanych w europejskiej Arktyce.
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Abstract. The oceanic sink of carbon dioxide (CO3) is an
important part of the global carbon budget. Understanding
uncertainties in the calculation of this net flux into the ocean
is crucial for climate research. One of the sources of the un-
certainty within this calculation is the parameterization cho-
sen for the CO; gas-transfer velocity. We used a recently de-
veloped software toolbox, called the FluxEngine (Shutler et
al., 2016). to estimate the monthly air-sea CO; fluxes for
the extratropical North Atlantic Ocean, including the Euro-
pean Arctic, and for the global ocean using several published
quadratic and cubic wind speed parameterizations of the gas-
transfer velocity. The aim of the study is to constrain the
uncertainty caused by the choice of parameterization in the
North Atlantic Ocean. This region is a large oceanic sink of
CO;. and it is also a region characterized by strong winds,
especially in winter but with good in situ data coverage. We
show that the uncertainty in the parameterization is smaller
in the North Atlantic Ocean and the Arctic than in the global
ocean. Itis as little as 5 % in the North Atlantic and 4 % in the
European Arctic. in comparison to 9 % for the global ocean
when restricted to parameterizations with quadratic wind de-
pendence. This uncertainty becomes 46. 44, and 65 %, re-
spectively. when all parameterizations are considered. We
suggest that this smaller uncertainty (5 and 4 %) is caused
by a combination of higher than global average wind speeds
in the North Atlantic (>7ms") and lack of any seasonal
changes in the direction of the flux direction within most of
the region. We also compare the impact of using two different
in situ pCO; data sets (Takahashi et al. (2009) and Surface
Ocean CO> Atlas (SOCAT) v1.5 and v2.0, for the flux calcu-
lation. The annual fluxes using the two data sets differ by 8 %
in the North Atlantic and 19 % in the European Arctic. The
seasonal fluxes in the Arctic computed from the two data sets

disagree with each other possibly due to insufficient spatial
and temporal data coverage, especially in winter.

1 Introduction

The region of extratropical North Atlantic Ocean, including
the European Arctic. is a region responsible for the forma-
tion of deep ocean waters (see Talley, 2013, for a recent
review). This process. part of the global overturning circu-
lation, makes the area a large sink of atmospheric carbon
dioxide (CO») (Takahashi et al., 2002, 2009; Landschiitzer
et al., 2014; Le Quéré et al., 2015; Orr et al., 2001). There-
fore, there is a widespread interest in tracking the changes in
the North Atlantic net CO; fluxes, especially as models ap-
pear to predict a decrease in the sink volume later this century
(Halloran et al., 2015).

The trend and variations in the North Atlantic CO; sinks
has been intensively studied since observations have shown
it appeared to be decreasing (Lefevre et al., 2004). This de-
crease on interannual timescales has been confirmed by fur-
ther studies (Schuster and Watson, 2007) and this trend has
continued in recent years north of 40° N (Landschiitzer et al.,
2013). It is not certain how many of these changes are the
result of long-term changes, decadal changes in atmospheric
forcing — namely the North Atlantic Oscillation (Gonzalez-
Davila et al.. 2007: Thomas et al., 2008: Gruber. 2009; Wat-
son et al., 2009), or changes in meridional overturning cir-
culations (Pérez et al., 2013). Recent assessments of the At-
lantic and the Arctic net sea-air CO; fluxes (Schuster et al.,
2013) and the global ocean net carbon uptake (Wanninkhof
et al., 2013) show that the cause is still unknown.

Published by Copernicus Publications on behalf of the European Geosciences Union.

30



1092 I. Wrébel and J. Piskozub: Effect of gas-transfer velocity parameterization

(mg Cm” day")

Figure 1. Scasonal and annual mean air-sea fluxes of CO2 (mg(.‘m'2 day™!) in the North Atlantic, using Nightingale et al. (2000). k pa-
rameterization and Takahashi et al. (2009) climatology: (a) annual, (b) DJF (winter). (¢) MAM (spring), (d) JJA (summer), and (e) SON
(autumn). The gaps (white arcas) are due to missing data, land, and ice masks.

Table 1. Annual air-sea CO, fluxes (in Pg) using different & parametenizations. The values in parentheses are fluxes normalized to Nightin-
gale et ul. (2000; as in Fig. 7).

Global Arctic North Atlantic ~ Southern Ocean
Nightingale et al. (2000) —1.30(L00)  —0.102(1L.00) —0.382(1.00) —0.72 (1.00)
Ho et al. (2006) —1.42(1L.09) —0.106 (1.04) —0.402(1.05) —0.76 (1.06)
Wanninkhof and McGillis (1999)  —1.73(1.33) —0.130(1.28) —0.490(1.29) —0.93(1.30)
Wanninkhof (2014} —1.40(1.08) —0.105(1.03) —0.398(1.04) —0.76 (1.05)
McGillis et al. (2001) —=2.15(1.65) —0.147 (1.44) —0.557(1.46) —1.08 (1.49)
OceanFlux GHG wind driven —1.98(1.52) —0.138(1.36) —0.560(1.47) —1.14 (1.58)
OceanFluxGHG backscatter —1.88(1.44) —0.130(1.27) —0.526(1.38) —1.09(1.51)
Ocean Sci., 12, 1091-1103, 2016 www.ocean-sci.net/12/1091/2016/
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Figure 2. Some relevant surface ocean currents in the North Atlantic Ocean and the European Arctic against the background of the annual
mean air-sea CO; fluxes (mg C m~2day !y asin Fig. 1. The North Atlantic Drift continues as the Norwegian—-Atlantic Current in the Nordic

Seas.

To study the rate of the ocean CO; sink and especially its
long-term trend, one needs to first constrain the uncertainty
in the flux calculation. The global interannual variability in
air-sea CO; fluxes can be about 60 % due to differences in
pCO3 and 35 % by gas-transfer velocity k parameterization
(Couldrey et al., 2016). Sources of uncertainty include sam-
pling coverage. the method of data interpolation, data quality
of the fugacity of CO3 ( fCO23), the method used for normal-
ization of fugacity data to a reference year in a world of ever
increasing atmospheric CO», the measurement uncertainty in
all the parameters used to calculate the fluxes (partial pres-
sure in water and air, bulk and skin water temperatures, air
temperatures, wind speed, etc.), and some which are not usu-
ally included in the calculations but most probably influence
the flux values (sea state parameters, air bubble void frac-
tion, surfactant effects, etc.) as well as the choice of the gas-
transfer velocity & parameterization formula (Landschiitzer
et al., 2014). It has also been identified that the choice of
the wind data product provides an additional source of un-
certainty in gas-transfer velocity, even by 10-40 %, and the
choice of the wind speed parameterization may cause vari-
ability in & by as much as about 50 % (Gregg et al.. 2014:

www.ocean-sci.net/12/1091/2016/
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Couldrey et al., 2016). In this work we have analysed solely
the effects of the choice between various published empir-
ical wind-driven gas-transfer parameterizations. The North
Atlantic is one of the regions of the world ocean best cov-
ered by CO; fugacity measurements (Watson et al., 2011),
the coverage of the Arctic seas is much poorer. especially in
winter (Schuster et al., 2013).

In the literature there are many different parameterizations
to choose from and most depend on a cubic or quadratic
wind speed relationship. The choice of the appropriate pa-
rameterization is not trivial as indicated by the name of an
international meeting, which focused on this topic (“k co-
nundrum” workshop, COST-735 Action organized meeting
in Norwich, February 2008). The conclusions from this meet-
ing have been incorporated into a recent review book chapter
(Garbe et al., 2014). This paper concentrates on quantifying
the uncertainty caused by the choice of the gas-transfer ve-
locity parameterization in the North Atlantic and the Euro-
pean Arctic. These regions were chosen as they are the areas
for which many of the parameterizations were originally de-
rived. They are also regions with wind fields skewed towards
higher winds (in comparison to the global average) enabling

Ocean Sci., 12, 1091-1103, 2016
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Figure 3. Scasonal and annual pCO; values (patm) in surface waters of the North Atlantic. estimated using the Takahashi et al. (2009)
climatology: (a) annual, (b) DJF (winter). (¢) MAM (spring), (d) JJA (summer), and (¢) SON (autumn). The gaps (white arcas) are due to

missing data, land and ice masks.

the effect of stronger winds on the net flux calculations to be
investigated by using published gas-transfer velocity formu-
las.

2 Methods
2.1 Data sets

We calculated net air-sea CO; fluxes using a set of soft-
ware processing tools called the “FluxEngine” (Shutler et al.,
2016), which was created as part of European Space Agency
funded OceanFlux Greenhouse Gases (GHGs) project (http:
/www.oceanflux-ghg.org). The tools were developed to pro-
vide the community with a verified and consistent toolbox
and to encourage the use of satellite Earth observation (EO)
data for studying air-sea fluxes. The toolbox source code can
be downloaded or alternatively there is a version that can be

Ocean Sci., 12, 10911103, 2016
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run through a web interface. Within the online web interface,
a suite of re-analysis data products, in situ and model data
are available as input to the toolbox. The FluxEngine allows
the users to select several different air-sea flux parameteri-
zations producing monthly global gridded net air-sea fluxes
products with 19 x 1° spatial resolution. The output consists
of twelve NetCDF files (one file per month). One monthly
composite file includes the mean (first-order moment). me-
dian, standard deviation, and the second-, third-, and fourth-
order moments. There is also information (metadata) about
origin of data inputs. For example, the monthly EO input
data include rain intensity, wind speed and direction, % of
sea ice cover from monthly model data, ECMWF (European
Centre for Medium-Range Weather Forecast) air pressure,
whitecapping (Goddijn-Murphy et al., 2011), two options for
monthly data sets of pCO,, sea surface temperature (SST),
and salinity. The user then needs to choose the different com-
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ponents and structure of the net air-sea gas flux calculation
and choose the transfer velocity parameterization.

For the calculations, we used pCO; and salinity values
from Takahashi et al. (2009) climatology, which was based
on more than 3 million measurements of surface water pCO»
in open-ocean environments during non-El Nifio conditions.
For some calculations, we used, as an alternative, Surface
Ocean CO> Atlas (SOCAT) v1.5 and v2.0 (Sabine et al.,
2013; Pfeil et al., 2013; Bakker et al., 2014) pCO;, and as-
sociated SST data. SOCAT is a community-driven data set
containing 6.3 and 10.1 million surface water CO; fugacity
values for v1.5 and v2.0. respectively, with a global cover-
age. The SOCAT databases have been re-analysed and then
converted to climatologies using the methodology described
in Goddijn-Murphy et al. (2015). All the climatologies were
calculated for year 2010 with the FluxEngine toolset. The
SSTskin (defined within Group for High Resolution SST
(GHRSST) as temperature of the surface measured by an
infrared radiometer operating at the depth of ~ 10-20 pym)
values were taken from the Advance Along Track Scanning
Radiometer (ESA/ARC/(A)ATSR) Global Monthly Sea Sur-
face data set (Merchant et al.. 2012) in the case of both data
sets, and have been preprocessed in the same way for use
with the FluxEngine (Shutler et al., 2016).

We used EO wind speed and sea roughness (op - al-
timeter backscatter signal in Ku-band from GlobWave L2P
products) data obtained from the European Space Agency
(ESA). The GlobWave satellite products give a “uniform”
set of along track satellite wave data from all available Al-
timeters (spanning multiple space agencies) and from ESA
Synthetic Aperture Radar (SAR) data and are publicity avail-
able at the Ifremer/CERSAT cloud (http://globwave.ifremer.
fr/products/data-access). Wave data are collected from six al-
timeter missions (Topex/POSEIDON, Jason-1/22, CryoSAT,
GEOSAT, and GEOSAT Follow On) and from ESA SAR
missions, namely ERS-1/2 and ENVISAT. All data come in
netCDF-3 format.

All analyses were performed using global data con-
tained in the FluxEngine software. From the gridded product
(17 x 17) we extracted data from the extratropical North At-
lantic Ocean (north of 30° N), and its subset, the European
Arctic (north of 64° N). For comparison, we also calculated
fluxes in the Southern Ocean (south of 40° S). Hereafter, we
follow the convention of that sources of CO; (upward ocean-
to-atmosphere gas fluxes) are positive and sinks (downward
atmosphere-to-ocean gas fluxes) are negative. We give all re-
sults of net CO» fluxes in the SI unit of Pg (Pg is 10" g,
which is numerically identical to Gt).

2.2 k parameterizations
The flux of CO; at the interface of air and the sea is con-
trolled by wind speed, sea state, SST, and other factors. We

estimate the net air-sea flux of COy (F, mgC m—2 day")
as the product of gas-transfer velocity (k. ms™') and the dif-
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ference in CO> concentration (gm‘3) in the sea water and
its interface with the air (Land et al., 2013). The concentra-
tion of CO; in sea water is the product of its solubility (e,
egm~? patm ') and its fugacity (fCO,, patm). Solubility is,
in turn, a function of salinity and temperature. Hence F is
defined as

F =k(aw fCOxw — as fCO24). (1

where the subscripts denote values in water (W) and the air-
sea interface (S) and in the air (A). We can exchange fugacity
with the partial pressure (their values differ by <0.5% over
the temperature range considered; McGillis et al., 2001). So
Eq. (1) now becomes

F = kiawpCOaw —aspCO24). (2)

One can also ignore the differences between the two solu-
bilites. and just use the waterside solubility aw. Equation (2)
will then become

F = kaw(pCOxw — pCO24). (3)

This formulation is often referred to as the “bulk parameter-
ization”.

In this study we chose to analyse the air-sea gas fluxes
using five different gas-transfer parameterizations (k). All of
them are wind speed parameterizations, but differ in the for-
mula used:

k = \/(660.0/Scqia) - (02120 +0.318U10) (4)
(Nightingale et al., 2000),

k = /(660.0/Scain) - 0.254U %, (5)
(Ho et al., 2006),

k = /(660.0/Scqia) - 0.0283U7, (©)
(Wanninkhof and McGillis, 1999),

k = /(660.0/Scain) - 0.251UF, (M
(Wanninkhof, 2014),

k = A/(660.0/Scqin) - (3.3 +0.026U7,) (8)

(McGillis et al., 2001),

where Secguin stands for the Schmidt numbers at the skin
surface, a function of SST ([= (kinematic viscosity of wa-
ter)/(diffusion coefficient of CO; in water)]), 660.0 is the
Schmidt number corresponding to values of CO; at 20°C
in seawater, and Uy is the wind speed 10m above the sea
surface.

In addition to the purely wind-driven parameterizations,
we have used the combined Goddijn-Murphy et al. (2012)
and Fangohr and Woolf (2007) parameterization, which was
developed as a test algorithm within of OceanFlux GHG
Evolution project. This parameterization separates contribu-
tions from direct- and bubble-mediated gas transfer as sug-
gested by Woolf (2005). Its purpose is to enable a sepa-
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Figure 4. Wind speed distribution U (ms~!) in the North Atlantic used to determine the relationship between gas-transfer velocity and
air—sca CO2 fluxes: (a) annual, (b) DJF (winter), (¢) MAM (spring), (d) JJA (summer), and (e) SON (autumn). The gaps (white arcas) are

duc to missing data. land, and ice masks.

rate evaluation of the effect of the two processes on air-
sea gas fluxes and it is an algorithm that has yet to be cali-
brated. We used two versions of this parameterization: wind-
driven direct transfer (using the Uy wind fields) and radar
backscatter-driven direct transfer (using mean wave square
slope) as described in Goddijn-Murphy et al. (2012).

3 Results

Using the FluxEngine software, we have produced global
gridded monthly net CO; air-sea fluxes and from these we
have extracted the values for the two study regions, the ex-
tratropical North Atlantic Ocean and separately for its sub-
set — the European Arctic seas. Figure 1 shows maps of the
monthly mean air-sea COy fluxes for the North Atlantic,
calculated with Nightingale et al. (2000; hereafter called

Ocean Sci., 12, 10911103, 2016
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N2000) k parameterization and the Takahashi et al. (2009)
climatology for the whole year and for each season. The area,
as a whole, is a sink of CO; but some regions close to North
Atlantic Drift and East Greenland Current (Fig. 2) are net
sources. At the seasonal maps one can see more variability
caused by physical process (with temperature changes caus-
ing maximum oceanic pCO; in summer) or biological ac-
tivity (with phytoplankton blooms causing summer values to
be lowest in the annual cycle). For example, the areas close
to the North Atlantic Drift and East Greenland Current are
sinks of CO; in the summer (likely due to the growth of phy-
toplankton) while the southern most areas of the region be-
come CO3 sources in summer and autumn (which is likely to
be due to the effect of sea-water temperature changes). Much
of this variability is caused by changes in the surface water
pCO; values, shown in Fig. 3 for the whole year and for each

www.ocean-sci.net/12/1091/2016/
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Figure 5. Difference maps for the air-sea COy fluxes (mg C m—2 duy_l) in the North Atlantic, between a cubed and a squared parameter-
ization (Wanninkhof and McGillis. 1999 and Wanninkhof, 2014): (a) annual. (b) DJF (winter), (¢) MAM (spring), (d) JJIA (summer) and
(¢) SON (autumn). The gaps (white areas) are duc to missing data. land, and ice masks.

season (and variability in atmospheric CO; partial pressure,
not shown). However, the flux is proportional to the product
of ApCO3 and k. In most parameterizations & is a function
of wind speed (Egs. 4-8). The mean wind speed Uy for the
whole year and each season are shown in Fig. 4. The wind
speeds in the North Atlantic are higher than the mean value
in the world ocean (which is 7Tms™; Couldrey et al.. 2016).
with mean values higher than 10ms~' in many regions of
the study area in all seasons except for the summer (with
the highest values in winter). This is important because the
air-sea flux depends not only on average wind speed but also
on its distribution (see Discussion below). This effect is espe-
cially visible between formulas with different powers of U ).

www.ocean-sci.net/12/1091/2016/
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Figure 5 shows the difference in the air-sea CO; fluxes calcu-
lated using two example parameterizations: one proportional
to U}, (Eq. 6) and one to U}, (Eq. 7). namely Wanninkhof
and McGillis (1999; hereafter called WMcG1999) and Wan-
ninkhof (2014; hereafter called W2014). It can be seen that
the “cubic” function results in higher absolute air-sea flux
values when compared to the “quadratic™ function in the re-
gions of high winds, and lower absolute air-sea flux values
in weaker winds.

Figure 6 shows the monthly values of air-sea CO; fluxes
for the five parameterizations (Eqs. 4-8) for the North At-
lantic and the European Arctic. The regions are sinks of
COs in every month, although August is close to neutral for

Ocean Sci., 12, 1091-1103, 2016
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ses). In the case of the North Atlantic, using the “quadratic”
W2014 and H2006 parameterizations results in net air-sea
fluxes that are 4 and 5 % higher in absolute values, respec-
tively, than the equivalent N2000 result, while the “cubic”
WMcG 1999 and McG2000 result in values that are 28 and
44 % higher. respectively, than the N2000 results for this re-
gions. The respective values for the Arctic are 3 % for W2014
and 4 % for H2006. as well as 28 % for WMcG 1999 and 44 %
for McG2001 than N2000. In the case of global net air-sea
CO; fluxes the equivalent values are 8 % (W2014) and 9 %
(H2006) higher than the N2000 result for the quadratic func-
tions as well as 33 % (WMcG1999) and 65 % (McG2001) for
cubic ones. The OceanFlux GHG parameterization for the
backscatter and wind-driven versions, results in net air-sea
COs fluxes higher for North Atlantic Ocean than the N2000,
that are 38 and 47 %, respectively, and in the global case the
values, for those two versions, were 44 and 52 % higher, re-
spectively. than N2000 values. The spread of the Arctic val-
ues was lower than that of the Atlantic values (see Table I).
On the other hand. the values for the Southern Ocean were
slightly higher than for the North Atlantic but lower than the
global values, with the exception of the OceanFlux GHG pa-
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Figure 6. Monthly values of CO» air-sea fluxes (Pg month™ ') for
the five parameterizations (Eqs. 4-8); (a) the North Atlantic, (b) the
European Arctic.

the North Atlantic. The results using cubic parameterizations
(Eqs. 6 and 8) are higher in absolute values, by up to 30 %
for WMcG 1999 and 55 % for McGillis et al. (2001 hereafter
called McG2001), in comparison to the “quadratic™ of N2000
(Eq. 4). The other two “quadratic” parameterizations W2014
and Ho et al. (2006: hereafter called H2006; Egs. 5 and 7)
resulted in fluxes within 5% of N2000. In addition to the
five parameterizations. Fig. 7 presents results for both of the
OceanFlux GHG Evolution formulas (using wind and radar
backscatter data). The mean and standard deviations of the
parameterization ensemble are shown as grey vertical lines.
The standard deviation in global fluxes is similar to previous
estimates (Sweeney et al., 2007; Landschiitzer et al., 2014)
but they cannot be directly compared due to different param-
eterization choices and methodologies. Annual net fluxes for
the North Atlantic, Southern and global oceans, as well as for
the European Arctic, are shown in Table 1. The results show
that the annual North Atlantic net air-sea CO> sink, depend-
ing on the formula used, varies from —0.38 for N2000 to
—0.56 Pg C for McG2001. In the case of global net air-sea
CO3 sink the values are —1.30 and —2.15 Pg C, respectively.
Table 1 as well as Fig. 7 shows the same data “normalized”
to the N2000 data (divided by value), which allows us to vi-
sualize the relative differences (in Table 1 values in parenthe-
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All the above results were obtained with the Takahashi et
al. (2009) pCO; climatology and for comparison. we have
also calculated the air-sea CO; fluxes using the re-analysed
SOCAT v1.5 and v2.0 data (which were converted to clima-
tologies using methodology described in Goddijn-Murphy
et al., 2015). Figure 8 shows the results using the N2000
k parameterization for all three of the data sets (Takahashi
et al., 2009 and both SOCAT versions). In the case of the
North Atlantic Ocean study area. although the monthly val-
ues show large differences (using both SOCAT data sets re-
sults in a larger sink in summer and smaller in winter com-
pare to Takahashi et al.. 2009), the annual values are simi-
lar: —0.38 Pg C for both Takahashi et al. (2009) and SOCAT
vl.5 and —0.41 Pg C for SOCAT v2.0. In the case of the Eu-
ropean Arctic, the situation is very different, with Takahashi
et al. (2009) and SOCAT data set-derived climatologies re-
sulting in inverse seasonal variability but with annual net
air-sea CO; fluxes results that are similar: —0.102PgC for
Takahashi et al. (2009), —0.085 Pg C for SOCAT v1.5, and
—0.088 Pg C for SOCAT v2.0.

4 Discussion

Our results show that the three “quadratic” parameteriza-
tion (Nightingale et al., 2000; Ho et al., 2006 and Wan-
ninkhof, 2014) air-sea fluxes are within 5% of each other
in the case of the North Atlantic (Table I, values in paren-
theses). This discrepancy is smaller than the 9 % difference
identified for the global case (Table | and Fig. 7). This con-
firms that at present, these different parameterizations are in-
terchangeable for the North Atlantic as this range is within

www.ocean-sci.net/12/1091/2016/
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Figure 7. Annual air-sea fluxes of CO3 for the five (Eqs. 4-8) parameterizations as well as for backscatter (default) and wind-driven
OcecanFlux GHG parameterizations normalized to flux values of Nightingale et al. (2000} & parameterization (see text): (a) globally. (b) the

North Atlantic, (¢} the European Arctic, and (d) the Southern Ocean. Average values for all parameterization and standard deviations are

marked as vertical grey lines.

the experimental uncertainty (Nightingale, 2015). The three
parameterizations were derived using different methods and
data from different regions, namely passive tracers and dual-
trace experiments in the North Sea in the case of Nightin-
gale et al. (2000), dual tracers in the Southern Ocean in the
case of Ho et al. (2006). and global ocean '“C inventories in
the case of Wanninkhof (2014). The differences between the
quadratic and cubic parameterization are large, and instead
of the quadratic functions that are supported by several lines
of evidence (see Garbe et al., 2014 for discussion), the cubic
function are not completely refuted by the available observa-
tion. Therefore, it is important to notice that a choice of one
of the available cubic functions may lead to net air-sea CO»
fluxes that are considerably larger in absolute values. by up
to 33 % in the North Atlantic Ocean and more than 50 % in
the global ocean.

The above results imply smaller relative differences be-
tween the parameterizations in the North Atlantic Ocean than
in the global ocean. This is interesting because the North At-
lantic is the region of strong winds and over most of its area
there are no seasonal changes in the air-sea flux direction

www.ocean-sci.net/12/1091/2016/

(Fig. I). For example in the South Atlantic, the annual mean
wind speed is 8.5ms ™", which is lower than in the North At-
lantic (9ms~'), and the range of seasonal changes in the air-
sea CO; fluxes are from —0.05 to +0.05PgC yr~! with the
difference between parameterizations being lower than in the
North Atlantic (Le Quéré et al., 2007; Takahashi et al., 2009).
Takahashi et al. (2009) also indicate that the air-sea CO»
flux difference in the Southern Ocean is strongly dependent
on the choice of the gas-transfer parameterizations and wind
speed. Smaller differences in the North Atlantic Ocean than
in the global ocean are surprising, given that at least some
of the older parameterizations (e.g. W2009 or WMcG1999)
were developed using a smaller range of winds than what
occurs in the North Atlantic. There may be two reasons for
this. First, when comparing quadratic and cubic parameter-
izations (Fig. 9). the cubic parameterization implies higher
air-sea fluxes for high winds, whereas the quadratic ones
lead to higher fluxes for weaker winds. This difference can
be presented in arithmetic terms. Let us assume two func-
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Figure 8. Comparison of monthly air—sea CO2 fluxes calculated
with different pCO; data sets (Takahashi et al., 2009: SOCAT v1.5
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2000): {a) the North Atlantic, (b) the European Arctic.

tions of wind speed U/, F)(U) quadratic and F>(U) cubic:

Fi(Uy=al?, 9)
F>(U) = bU>. (10)

The difference between the two functions A F is equal to
AF = F,— Fy =bU* — all?

=bU(U —ab™" )= bU(U - U,), (1
where U, = ab~"'. The difference is positive for wind speeds
greater than U, and negative for winds less than U,. Uy is
the value of wind speed for which the two functions inter-
sect. In the case of Egs. (6) and (7), where @ =0.251 and
b =0.0283, they imply that I/, =8.87ms~". In fact all of
the functions presented in Fig. 9 produce very similar values
for U,. all of which are close to 9ms~'. This value is very
close to average wind speed in the North Atlantic (Fig. 4).
This is one of the reasons for the small relative difference in
net air-sea fluxes. The spread of flux values for the Southern
Ocean seems to support this conclusion, being larger than
that in the North Atlantic. The Southern Ocean has on av-
erage stronger winds than the North Atlantic (including also
the Arctic seas), which seems to have the smallest spread of
flux values for different parameterizations. The other reason
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Figure 9. Different k660 parameterizations as a function of wind
speed.

of smaller relative differences between the parameterizations
in the North Atlantic than in the global ocean is the lack of
seasonal variation in the sign of the air-sea flux. In the case of
seasonal changes in the air-sea flux direction (caused by sea-
sonal changes in water temperature or primary productivity),
with winds stronger than Uy in some seasons and weaker in
others (usually strong winds in winter and weak in summer),
the fluxes partly cancel each other. The difference between
cubic and quadratic parameterizations adds to each other due
to simultaneous changes in the sign of both fluxes itself and
the U — U, term. This effect of seasonal variation has been
suggested to us based on available observations (A. Watson,
University of Exeter, personal communication, 2015) but we
are unaware of any paper investigating it or even describing
it explicitly.

In addition to the five parameterizations described above,
we calculated the air-sea fluxes using the OceanFlux GHG
Evolution combined formula, which is based on knowledge
that air-sea exchange is enhanced by air-entraining wave
breaking and bubble-mediated transfer, especially for the less
soluble gases than COj. Goddijn-Murphy et al. (2016) as-
sume a linear wind relationship for dimethyl sulphide (DMS)
and an additional bubble-mediated term for less soluble
gases, parameterized with whitecap coverage. The resulting
air-sea fluxes are higher in absolute terms, than all of the
quadratic functions considered in this study, and are closer
in value to cubic parameterization. This may mean that the
bubble-mediated term of Fangohr and Woolf (2007) is over-
estimating the bubble component, implying the need for a
dedicated calibration effort. This question will be the subject
of further studies in the OceanFlux GHG Evolution project.

Using both Takahashi et al. (2009) climatology and SO-
CAT data sets (Fig. 8) results in similar annual net air-sea
CO; fluxes in the North Atlantic; however it should be noted
that they show different seasonal variations. This may have
been caused by slightly different time periods of the data sets,
as the SOCAT-based data set contains more recent data. It
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should be noted that a significant part of the data from Taka-
hashi et al. (2009) are included in SOCAT; therefore, the dif-
ferences in the European Arctic may be due to the sparse
data coverage and possible interpolation artefacts (Goddijn-
Murphy et al., 2015) or to processing of the data through
the FluxEngine. A recent paper (Couldrey et al., 2016) using
even more high latitude data than were available in the SO-
CAT v1.5 and v2.0, which we used. shows a similar seasonal
pattern to SOCAT. Still, this discrepancy makes us treat the
net air-sea CO; fluxes results from the Arctic with much less
confidence than the values for the whole North Atlantic. It is
impossible to decide in this study which data set is more ac-
curate as only new data can settle this. However. new data,
not included in the SOCAT versions we used. have been
available due to the recent analysis by Yasunaka et al. (2016).
The observed pCO; data (Fig. 4 in Yasunaka et al., 2016).
especially since 2005, have clearly shown an annual cycle
compatible with the SOCAT seasonal flux variability.

5 Conclusions

In this paper we have studied the effect of the choice of
gas-transfer velocity parameterization on the net CO; air-sea
gas fluxes in the North Atlantic and the European Arctic us-
ing the recently developed FluxEngine software. The results
show that the uncertainty caused by the choice of the & for-
mula is smaller in the North Atlantic and in the Arctic than
it is globally. The difference in the annual net air-sea CO;
fluxes caused by the choice of the parameterization is 5% in
the North Atlantic and 4 % in the European Arctic, compared
to 9 % globally for the studied functions with quadratic wind
dependence. It is up to 46 % different for the North Atlantic,
36 % for the Arctic and 65 % globally when comparing cu-
bic and quadratic functions. In both cases the uncertainty in
the North Atlantic and the Arctic regions are smaller than the
global case. We explain the smaller North Atlantic variabil-
ity to be a combination of, first, higher than global average
wind speeds in the North Atlantic, close to 9ms™", which is
the wind speed at which most & parameterization have sim-
ilar values, and. second, the all-season CO; sink conditions
in most North Atlantic areas. We repeated the analysis using
Takahashi et al. (2009) and SOCAT pCO;-derived clima-
tology and find that although the seasonal variability in the
North Atlantic is different the annual net air-sea CO» fluxes
are within 8 % in the North Atlantic and 19 % in the Euro-
pean Arctic. The seasonal flux calculated from the two pCO2
data sets in the Arctic have inverse seasonal variations, indi-
cating possible under sampling (aliasing) of the pCO; in this
polar region and therefore highlighting the need to collect
more polar pCO; observations in all months and seasons.
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6 Data availability

Several relevant data sets have been collected from various
sources for the OceanFlux project. They have been processed
in order to provide consistent and homogeneous compos-
ite files, on the same grid and temporal resolution, as well
as multi-year climatologies. All these input and processed
data sets are available in the OceanFlux FTP repository at
ftp:/feftp.ifremer.fr. Some of these data sets are at present re-
stricted to project partners for reasons related to the original
provider distribution policy. Therefore the access to the FTP
site is protected: any user interested in the data sets should
send a request to the CERSAT help desk (fpaf@infremer.fr)
in order to get a login and password.
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KEYWORDS Summary The Arctic Ocean (AQ) 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; {ApC0,) 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
Quéreé 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; Landschitzer 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 PgCyr ' (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
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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
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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; Lefévre
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-gheg.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

Figure 2 Study area (source: ArcGis basemap) — Greenland
Sea and Barents Sea with sampling points.
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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 biolegical 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 ~600m (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 ms ' (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 Basinandisa
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 (Nakacko 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 patm yr ', on average observed for CO; partial pressure
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in the air). Wind speed data at 10 m a.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 (S5T) 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). SST,, 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 *day '] are given
based the ApCO; [patm] across a thin (~10-250 pm) mass
boundary layer at the sea surface and the solubility of CO; [«,
gm * patm '] multiplied by the gas transfer velocity [k,
cm h '] as a function of wind speed. The concentration of
CO; in the sea water is a function of 555 and SST, its solubility
[e, g m * patm '], and its fugacity [fCO;, patm]. Hence, the
standard bulk formula for the flux (F) was defined as:

F = k{awpCOaw—aspC0z4). (1)

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{awpCOzw—aspC0z4). (2)
F = kaApCO;. (3)
Table 1

Gas transfer velocity was mainly parametrized as:

kw = Sc "(@g + a1U + aU* + a3U?), (4)

(Wanninkhof et al., 2009) where (a, ...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 (Sc.,,) 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/Scyin) = (0.222 Uy + 0.333 Uno). (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, asawhole, isa
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,, (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, — 10-m wind speed, pCO,,,

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 [mgCm *day "] 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
Upg [ms '] 576 8.3 5.8 9.7 0.0 0.4 0.7
pCO,yy [patm] 576 332.4 292.7 354.6 0.5 139.2 1.8
ApCO; [patm] 576 —-50.1 -91.1 -27.7 0.5 152.2 12.3
pCO,, [patm] 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,, 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,, values increased proportio-
nately to increasing SST (in 1994-2001), except in May
and June. In June, when SST was above 2°C, pCO,,, was
higher than 250 patm, while lower pCO,,, was cbserved when
SST was about 1°C. The results from FluxEngine show that
when SST increased above 2.5°C, pCO,, was lower than
340 patm, and when SST decreased below 2.5°C, pCO,y
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 = 1.9cm h™ ' 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 =0.7ms ' while
from May to September the values were 6.0 = 0.7ms ',
Fig. 3 shows the relationships between annual mean
pCO,, 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 *day ', and pCO,, concentrations varied
between 360 and 290 patm to the northward. Variations in
pCO;y mainly stemmed from to biological activity, changes in
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 * day '].

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,, 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 19922001, and Sejr et al. (2011)
for 2006-2009. Calculations from FluxEngine indicate that
annual mean values of pCO;, 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,,
concentrations were around 225-230 patm, while in August
19942001 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

Table2 Monthly dynamics of the datasets in the AQ. Descriptions in columns: k — gas transfer coefficient, U, — 10-m wind speed,
pCO, and pCO,, ~ seawater and atmospheric partial pressure of CO,, respectively, ApCO, — difference in partial pressure, SST —

sea surface temperature.

FlmgCm *day ']  k[emh "]  Ug[ms ']  pCOs; [patm]  ApCO; [patm]  pCOy, [patm]  SST [C]

Jan  -10.9 18.4 10.6 341.7 —44.2 385.9 2.24
Feb 8.5 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
ul -4 6.6 5.2 314.6 -63 377.6 4.99
Aug -5 7.4 5.9 309.1 ~59.4 3725 4.55
Sep -6 9.4 6.9 321.3 ~52.4 373.11 4.14
Oct  -82 16.5 9.4 335.1 ~39.1 376.1 3.99
Nov  —11.7 17.5 10 3342 —48.5 382.7 2.67
Dec  -13.6 19.9 10.9 335 —49 385.2 2.7
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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 5 Difference maps for surface water pCO, [patm]
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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, Uio — 10-m wind speed, pCOzw and pCO24 — atmospheric and seawater partial pressure of CO;, respectively, ApCO; —
difference in partial pressure, SST — sea surface temperature.

FmgCm *day ] k[emh'] Ui [ms'] pCO;y [patm] ApCO; [patm] pCOy, [uatm] SST [C)

F[mgCm *day '] 1.000
k[emh'] 0.185
Uig [ms '] 0.042

PCO,yy [patm] 0.757

ApCO; [patm] 0.759
PCO,4 [natm] —0.664
SST [°C) 0.628

0.185
1.000
0.930
0.636
0.643
—-0.663
0.655

0.042
0.930
1.000
0.567
0.570
—0.540
0.457

0.757 0.759 —0.664 0.628
0.636 0.643 —0.663 0.655
0.567 0.570 —0.540 0.457
1.000 1.000 -0.833 0.732
1.000 1.000 —0.849 0.745
-0.833 —0.849 1.000 -0.878
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, Uyp — 10-m wind speed, pCO,, and pCO,, — seawater and atmospheric partial pressure of CO,, respectively, ApCO, —
difference in partial pressure, SST — sea surface temperature.

FlmgCm *day '] k[emh'] Ug[ms'] pCO,y [patm] ApCO, [patm] pCO,, [uatm] SST [C]
F[mgCm *day '] 1.000 —0.934  —0.928 —0.640 ~0.559 —0.475 0.606
k[emh'] —0.934 1.000 0.992 0.761 0.788 0.382 ~0.568
Uy [ms '] ~0.928 0.992 1.000 0.826 0.815 0.472 ~0.661
PCOyy [uatm] —0.640 0.761 0.826 1.000 0.877 0.718 —0.858
ApCO; [uatm] ~0.559 0.788 0.815 0.877 1.000 0.295 ~0.562
PCO,, [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
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Figure 7 Monthly variations of air—sea CO; fluxes [mgC m * day '] as a function of gas transfer velocity [cmh '].
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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; levels were higher in the open water of the
GS and BS in February (310370 and 355-400 patm, respec-
tively) than in August (250325 and 325-370 patm, respec-
tively) (Fig. 4). Additionally, in the GS, in both February and
August, the concentration of pCO,, 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,;, 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 CaCO,, 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
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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;,, 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;,, 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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pCO,,, and k for individual months. The correlation coeffi-
cient (r) represents the linear relationship between two
variables and the determination coefficient (f) represents
the proportion of common variation between the two vari-
ables (StatSoft Inc., 2013). Over spatial scales, fluxes were
better correlated with pCO;,, 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 —12gCm *a '. The total
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Figure 8. (Continued).

uptake for the BS was estimated to be about 3.2 TgCa 'ora
flux of —4.38 gC m~?a . Following the methods described in
Table S1 in 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 TeCa ' and the average air-sea CO, fluxes
were estimated about —3.62gCm “a '. As can be seen, the
GS was a stronger net sink of CO, in winter (approximately
—~12mgC m *day '), 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
€O, flux for the whole study area was —8.0 mgC m ™ ** 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¢Cm “a ' for the 1992~
2001 period (Nakaoko et al., 2006), 25¢Cm 2a ' for
2006, and 42gCm “a ' 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 ? 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 ? day '. In June and July, the
rates of air-sea CO; exchange were small
(<5 mgC m *day ') 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,
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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,, (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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1. Introduction

The surface of the ocean is a complex boundary layer through
which all air-sea fluxes of mass, momentum and energy take
place. Determining the nature and consequences of
exchanges between the atmosphere and the ocean is one
of the greatest challenges in climate and sea studies, as well
as ocean modelling and prediction. In this article we focus
mainly on the surface momentum flux by which the atmo-
spheric winds drive oceanic currents (so that the ocean acts
as a sink for atmospheric momentum), which determine
current system and sea state conditions and are most com-
monly parameterized using bulk aerodynamic formulae. Our
goal is to evaluate how much the average monthly and annual
momentum transfer values depend on the choice of non-
dimensional drag coefficient (Cp), using the actual wind field
from the North Atlantic (NA) and the European Arctic (EA),
and demonstrate existing differences as a result of the
formula used.

The ocean surface mixed layer is a region where kinematic
forcing affects the exchange of horizontal momentum and
controls transport from the surface to depths (Bigdeli et al.,
2017, Gerbi et al., 2008). Any attempt to properly model the
momentum flux from one fluid to another as the drag force
per unit area at the sea surface (surface shear stress, r) takes
into account other physical processes responsible for gener-
ating turbulence such as boundary stress, boundary buoyancy
flux, and wave breaking (Rieder et al., 1994; Toba et al.,
2001). Fluxes across the sea surface usually depend nonli-
nearly on the relevant atmospheric or oceanic parameters.
Over the past fifty years, as the collection of flux data has
increased, many empirical formulas have been developed to
express the ocean surface momentum flux as a relationship
between C,, wind speed (U,g), and surface roughness (z)
(Andreas et al., 2012; Bunker, 1976; Donelan et al., 1997;
Garratt, 1977; Kukulka et al., 2007; Large and Pond, 1981;
Trenberth et al., 1989; Wu, 1969, 1982; Yelland and Taylor,
1996). These formulas can be divided into two groups. One
group of theories gives the C, at level z in terms of wind speed
and possibly one or more sea-state parameters (for example,
Enriquez and Friehe, 1997; Geernaert et al., 1987; Yelland
and Taylor, 1996), while the second group provides formulas
for roughness length z; in terms of atmospheric and sea-state
parameters (for example, Andreas et al., 2012 (further
referred to as A12), Donelan et al., 1997; Wu, 1969).

As the exchange of air-sea momentum is difficult to
measure directly over the ocean, meteorologist and oceano-
graphers often rely on bulk formulas first parameterized by
Taylor (1916}, that relate the fluxes to averaged wind speed
through transfer coefficients:

7 = pCpzU2. (1)

where r is the momentum flux of surface stress, p is air
density, Cp, is the non-dimensional drag coefficient appro-
priate for z height, and U, is the average wind speed at some
reference height z above the sea. Cp, is commonly identified
as Cpyyg O Cpyo which is neutral-stability, 10-m drag coeffi-
cient (Toba et al., 2001), defined as:

Vo X (u.)’ &
DMO—,W‘;— U!D 3
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where u, is friction velocity. Alterpatively, the neutrally
stratified momentum flux can be determined from the loga-
rithmic profile, thus Eq. (1) can be expressed as:

s 2
r o

Conto = [ln( 10/zq)

where z; [m] is the aerodynamic roughness length, which is
the height, above the surface to define the measure of drag
at which wind speed extrapolates to 0 on the logarithmic
wind profile (Andreas et al., 2012), and « is von Karman
constant (x = 0.4).

At the same time, we can define the value of friction
velocity by the following equation:

T = pul. (4)
Comparison with bulk formula (1) leads to the equation:
u? = Conli- (5)

Some of the first studies (Garratt, 1977; Wu, 1969, 1982)
focused on the relationship between wind stress and sea
surface roughness, as proposed by Charnock (1955), and they
formulated (for winds below 15ms ') the logarithmic
dependence of the stress coefficient on wind velocity (mea-
sured at a certain height) and the von Karman constant.
Currently common parameterizations of the drag coefficient
are a linear function of 10 m wind speed (Uy), and the
parameters in the equation are determined empirically by
fitting observational data to a curve. The general form is
expressed as (Guan and Xie, 2004):

Cp10® = (@ + bUyp). (6)

In this work our focus is on the average flux values using
seven different drag coefficient parameterizations (Table 1),
chosen for their importance for the history of the field out of
many published within the last half century (Bryant and
Akbar, 2016).

All of the parameterizations are generated from the
vertical wind profile, but they differ in the formulas used.
Two of the parameterizations which we chosen are formu-
lated as power-law of the relationship between C, and Uyq
(Eq. (7) and (13) in Table 1), three are formulated as linear-
law (Egs. (8)—(10) and (12) in Table 1), and one as constant
value of the relationship (Eq. (11) in Table 1). All the above
studies propose different parameterizations (see Fig. 1) for
the drag coefficient and the function of wind speed, which
reflects the difficulties in simultaneously measuring at high
sea stress (or friction velocity) and wind speed.

Wu (1969) compiled data from 12 laboratory studies and
30 oceanic observations, formulated power-law (for breezes
and light winds) and linear-law (for strong winds) relation-
ships between the wind-stress coefficient (C;) and wind
velocity (U,g) at a certain height z at various sea states. In
his study, he used roughness Reynolds numbers to character-
ize the boundary layer flow conditions, and he assumed
that the sea surface is aerodynamically smooth in the
range of Up<3ms ', transient at wind speed
3ms '<Ug<7ms ', and aerodynamically rough at
strong winds U,, > 7m s '. He also showed that the wind-
stress coefficient and surface roughness increase with wind
speed at light winds (U, < 15m s ') and is constant at high
winds (Usyp >15ms 'y with aerodynamically rough flow.
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Table 1

293

Neutral drag coefficient values over the ocean taken from the recent literature for a reference height of 10 m: Cpyo is the

drag coefficient dependent on surface roughness, Coyyo is the expression of neutral-stability (10-m drag coefficient), U,q is the mean
wind speed measured at 10 m above the mean sea surface, U,gy is the 10-m neutral-stability wind speed, and @ and b are

proportionality constant.

Eq. no. Source Wind speed range [ms '] Congioy (x10%)

7 Wu (1969) 1-15 0.5U37

8 Garratt (1977) 4-21 0.75 + 0.067U,,

9 Wu (1982) >1 0.8 + 0.065U,,

10 Yelland and Taylor (1996) 3-6 0.29 + 3—1 + -7—7

v,

6-26 0.60 + 0.070U,

1" NCEP/NCAR Everywhere 1.3

12 Large and Yeager (2004) Everywhere _Zl +0.142 + 0.076U;

UMIN
13 Andreas et al. (2012) Everywhere

() =+ 5ee)

a=0.0583, b=-0.243

Garratt (1977), who assessed the 10 m neutral drag coeffi-
cient (Cownio) based on 17 publications, confirmed the pre-
vious relationship and simultaneously suggested a linear form
of this relationship for light wind. Wu (1980) proposed the
linear-law formula for all wind velocities and later (Wu, 1982)
extended this even to hurricane wind speeds. Yelland and
Taylor (1996) presented results obtained from three cruises
using the inertial dissipation method in the Southern Ocean
and indicate that using the linear-law relationship between
the drag coefficient and wind speed (for U;g > 6 ms ') is
better than using u, with U,;. The NCEP/NCAR reanalysis
(Kalnay et al., 1996) uses a constant drag coefficient of
1.3 x 10 * while, for example, the Community Climate
System Model version 3 (Collins et al., 2006) uses a single
mathematical formula proposed by Large and Yeager (2004)

for all wind speeds. Andreas et al. (2012) based on available
datasets, friction velocity coefficient versus neutral-stability
wind speed at 10 m, and sea surface roughness tested the
approach proposed by Foreman and Emeis (2010) for friction
velocity in order to find the best fit for parameters
a=0.0583 and b=-0.243. They justify their choice by
demonstrating that u. vs. Ujon has smaller experimental
uncertainty than Cpyyo, and that one expression of Cpyig
for all wind speeds overstates and overestimates results in
low and high winds (Figs. 7 and 8 in A12).

In this paper we investigate how the relevant or most
commonly used parameterizations for drag coefficient (Cp)
affect value of momentum transfer values, especially in the
North Atlantic and the European Arctic. Our task was to
demonstrate how big differences can be as a result of the

Cp parameterizations
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formula used. As is widely known, the exact equation that
describes the connection between the drag coefficient and
wind speed depends on the author (Geerpaert, 1990). Our
intention here is not to re-invent or formulate a new drag
parameterization for the NA or the EA, but to revisit the
existing definition of drag parameterization, and, using satel-
lite data, to investigate how existing formulas represent the
environment in the North Atlantic Ocean. We concentrated
on wind speed parameterizations, because wind speed is a
parameter that is available in every atmospheric circulation
model. Therefore, it is used in all air-sea flux parameteriza-
tions, and presently it is used even when sea state provides a
closer physical coupling to the drag coefficient (for review
see Geernaert et al., 1986).

2. Material and methods

We calculated monthly and annual mean momentum fluxes
using a set of software processing tools called the FluxEngine
(Shutler et al., 2016), which was created as part of the
OceanFlux Greenhouse Gases project funded by the European
Space Agency (ESA). Since the toolbox, for now, is designed to
calculate only air-sea gas fluxes but it does contain the
necessary datasets for other fluxes, we made minor changes
in the source code by adding parameterizations for the air-
sea drag relationship. For the calculations, we used Earth
Observation (EQ) U,y for 1992-2010 from the GlobWave
project (http://globwave.ifremer.fr/). GlobWave produced
a 20-year time series of global coverage multi-sensor cross-
calibrated wave and wind data, which are publicly available
via the Ifremer/CERSAT cloud. Satellite scatterometer
derived wind fields are at present believed to be at least
equally as good as wind products from reanalyses (see, for

YEAR

example, Dukhovskoy et al., 2017) for the area of our interest
in the present study. The scatterometer derived wind values
are calibrated to the U,qy, and, therefore, are fit for use with
the neutral-stability drag coefficient (Chelton and Freilich,
2005). All data came in netCDF-4 format. The output datais a
compilation file that contains data layers, and process indi-
cator layers. The data layers within each output file, which
are part of the FluxEngine, include statistics of the input
datasets (e.g., variance of wind speed, percentage of ice
cover), while the process indicator layers include fixed masks
as land, open ocean, coastal classification, and ice.

All analyses using the global data contained in the Flux-
Engine software create a gridded (1" x 1) product. The NA
was defined as all sea areas in the Atlantic sector north of
30N, and the EA subset was those sea areas north of 64°N
(Fig. 2). We also defined the subset of the EA east of Svalbard
(“West Svalbard” between 76" and 80°N and 10" to 16°E),
because it is a region that is studied intensively by multiple,
annual oceanographic ship deployments (including that of
the r/v Oceania, the ship of the institution the authors are
affiliated with). FluxEngine treats areas with sea-ice pre-
sence in a way that is compatible with Liipkes et al. (2012)
multiplying the water drag coefficient by the ice-free frac-
tion of each grid element. We also define “tropical ocean” as
all areas within the Tropics (23°S to 23°N) in order to test the
hypothesis that the new A12 parameterization will produce
significantly lower wind stress values in the region.

3. Results and discussion

Some of the parameterizations used were limited to a
restricted wind speed domain. We used them for all the
global wind speed data to avoid data gaps for winds that

4
[ms’]

Figure 2  Annual mean wind speed U,, [m s '] in the study area — the North Atlantic and the European Arctic (north of the red line).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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were too high or too low for a given parameterization (Fig. 1).
Results from those calculation are available online under
the link in Ocean Science Discussion https://www.
ocean-sci-discuss.net/o0s-2018-61/.

Since wind velocity was used to estimate Cp, Fig. 1 showsa
wide range of empirical formulas and Fig. 2 shows annual
mean wind speed U, [ms '] in the NA and the EA. The
differences between the parameterizations are distinct
(Fig. 1). The C, values from the parameterizations 7-9
(Table 1) increased linearly with wind speed while the results
from the parameterizations 10, 12, 13 (Table 1) decreased at
low winds speed (for U,; < 10 m s '). Despite many measure-
ments, the drag coefficient still has wide variability at low
and moderate wind speeds. Our results showed that at lower
wind values (<10 m s ') the differences between the drag
coefficient parameterizations are greater than at higher
speeds (=10m s ') and the most outlier results are those
obtained from the power law parameterization of A12. The
lower the wind speed, the higher the uncertainty are, and at
low winds it is uncertainty by a factor of 0.5-1.5 depending
on the formula used, while at moderate winds it is uncer-
tainty by a factor of 1.5-2.0 (Fig. 1). At a wind value of about
15m s", the results from Eqs. (8), (9) and (13) (Table 1)
overlapped providing the same values for the drag coefficient
parameterizations. Additionally, we compared directly the
results of the two parameterizations for the drag air-sea
relation that uses different dependencies (Fig. 1). For this
estimation we chose the two most-recent parameterizations
(Egs. (12) and (13) in Table 1) that showed the lowest values
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and change seasonally depending on the area used. As a
result, these months with weak winds have significantly
lower momentum flux values, which could be the effect of
statistically weaker wind in ocean areas having stable winds
with waves travelling in the same direction as the wind at
similar speeds. Comparison showed that the A12 parameter-
ization demonstrates almost zero sea surface drag for winds
in the range of 3-5ms ', which is compensated for by a
certain surplus value for strong winds. The small drag coeffi-
cient values facilitate what Grachev and Fairall (2001)
describe as the transfer of momentum from the ocean to
the atmosphere at wind speeds of 2-4 m s ', which corre-
spond to the negative drag coefficient value. Such events
require specific meteorologist conditions, but this strongly
suggests that the average C, value for similar wind speeds
could be close to zero. The annual mean wind speed in the NA
is10ms ', and in the EA it is 8.5m s ' (Fig. 2).

Fig. 3 presents maps of the mean boreal winter DJF and
summer JJA momentum fluxes for the chosen C, parameter-
izations (Wu, 1969 and A12 — the ones with the largest and
smallest Cp values). The supplementary materials contain
complete maps of annual and seasonal means for all the
parameterizations. The zones of the strongest winds are in
the extra-tropics in the winter hemisphere (southern for JJA
and northern for DJF). The older Wu (1969) parameterization
produces higher wind stress values than A12 in both regions
with high and low winds and C, values are consistently higher
for all wind speeds except the lowest ones (which, after
multiplying by U?, produced negligible differences in wind

c)

W, 1969 fo

Figure 3  Maps of momentum flux [N m *] across the sea surface (wind stress) for boreal winters (a and c) and summers (b and d) for
Wu (1969) and A12 drag coefficient parameterizations (the two parameterizations with the highest and lowest average values,

respectively).
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Figure 4 Monthly average momentum flux values [N m ?] for (a) global ocean, (b) North Atlantic, (c) European Arctic, and (d)
tropical ocean. The regions are defined in the text.

stress for the lowest winds). The average monthly values for the opposite in the northern and southern hemispheres. The
each of the studied areas are shown in Fig. 4. For global data parameterization with the largest momentum flux values for
(Fig. 4a), not much seasonal change is noted, because the all months is that of Wu (1969), the linear one, while the two
strongest winds are in fall and winter, but these seasons are parameterizations with the lowest values are the sinusoidal

Table 2 Area average annual mean values of momentum flux (wind stress) [N m?] for all the studied regions and parameteriza-
tions. In each column the percentage values are normalized to A12, the parameterization that produced the smallest average flux
values.

Global North Atlantic Arctic W. Spitsbergen Tropics
Wu (1969) 0.322 0.330 0.375 0.360 0.261
(114%) (114%) (114%) (114%) (119%)
Garratt (1977) 0.307 0.316 0.358 0.344 0.251
(109%) (109%) (109%) (110%) (115%)
Wu (1982) 0.311 0.320 0.363 0.349 0.255
(110%) (110%) (110%) (111%) (117%)
NCEP/NCAR 0.303 0.312 0.353 0.341 0.258
(107%) (107%) (107%) (108%) (118%)
Yelland and Taylor (1996) 0.297 0.306 0.348 0.335 0.245
(105%) (105%) (106%) (107%) (112%)
Large and Yeager (2004) 0.285 0.293 0.333 0.320 0.236
(101%) (101%) (101%) (102%) (108%)
Andreas et al. (2012) 0.283 0.290 0.329 0.314 0.219
(100%) (100%) (100%) (100%) (100%)
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ones (A12; Large and Yeager, 2004). For the NA (Fig. 4b), much
more pronounced seasonal wind changes, the situation is
more complicated. With high winter winds, the A12 parame-
terization is no longer the one that produces the smallest wind
stress (it is actually in the middle of the seven). However, for
low summer winds, it is the lowermost outlier. Actually, in
summer, the constant C, value used by the NCEP/NCAR
reanalysis produces the highest wind stress values in the
NA. The situation is similar for the EA (a subset of the NA),
the wind stress values of which are shown in Fig. 4c, and for
the WS area (not shown). In the Arctic summer, A12 produces
the least wind stresses, while all the other parameterizations

look very similar qualitatively (even more so in the Arctic than
in the whole NA). Because the A12 parameterization behaves
so distinctly differently with low winds, we also show seasonal
results for the tropical ocean (Fig. 4d). The seasonal changes
are subdued for the whole tropical ocean with the slight
domination of the Southern Hemisphere (the strongest
winds are during the boreal summer) with generally lower
momentum transfer values (monthly averages in the range of
0.2-0.3N m ? compared to 0.2-0.4 Nm ? for the NA and
0.2-0.5N m * for the Arctic). The sequence of values for the
parameterization is similar to that of the global ocean, but
there are differences. Here the NCEP/NCAR constant

a) Arctic mean momentun flux [N m™]
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Figure 5 Area annual average momentum flux values for (a) European Arctic and (b) Tropical ocean. The vertical solid line is the
average of all seven parameterization and the dashed lines are standard deviations for the presented values. Global and the North
Atlantic results are not shown because the relative values for different parameterizations are very similar (see Table 2), scaling almost

identically between the basins.
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parameterization is the second highest (instead of Wu, 1982
for the global ocean) while, unlike in the case of the global
ocean, A12 produces visibly lower values than does the Large
and Yeager (2004) parameterization.

Table 2 and Fig. 5 present the annual average air-sea
momentum flux values (in N m?) for all the regions studied
and all the parameterizations. The results show that the
annual North Atlantic momentum fluxes, depending on the
formula used, varies from -0.290Nm ? for A12 to
0.333Nm ? for Wu (1969). In the case of global annual
average, the values are —0.283 and 0.322, respectively.
Table 2 shows also the same data “normalized” to the A12
data (presented as percentages of A12, which produced the
lowest values for each region), which allows us to visualize
the relative differences. A surprising result is the annual
ratios of the parameterizations values for the global, the
NA, and the Arctic regions (Fig. 4 shows that this is not true on
monthly scales). The spread of the momentum flux results is
14% in all three regions, and even flux values themselves are
larger in the NA than globally and larger in the Arctic than in
the whole of the NA basin. In the NA region with winds
stronger than average for world ocean, the formula giving
highest momentum transfer results are the ones with highest
values for strong winds, with exception of Andreas et al.
{2012) which is lower due to its low values for lower winds
speeds. The smaller WS region, with winds that are, on
average, weaker than those of the whole Arctic (but stronger
than those of the whole NA), had slightly different ratios of
the resultant fluxes. For the tropical ocean, which is included
for comparison because of its weaker winds, the spread in
momentum flux values on an annual scale is 19%. The spreads
are even larger on monthly scales (not shown). The differ-
ence between A12 and Wu (1969) and NCEP/NCAR (the two
parameterizations producing the largest fluxes on monthly
scales) are 27% and 29% for the NA (in July), 31% and 36% for
the Arctic (in June), 42% and 51% for the WS region (in July),
and 23% and 22% for the tropical ocean (in April), respec-
tively. Seasonality in the tropics is weak, therefore, the
smallest monthly difference of 16% (July) is larger than
the difference for the global data in any month (the global
differences between the parameterizations have practically
no seasonality). On the other hand, the smallest monthly
differences between the parameterizations in the NA, the
Arctic, and the WS regions are all 7%, in the month of the
strongest winds (January).

Because the value of momentum flux is important for
ocean circulation, its correct calculation in coupled models
is very important, especially in the Arctic, where cold halo-
cline stratification depends on the amount of mixing (Fer,
2009). We show that with the parameterization used in
modelling, such as the NCEP/NCAR constant parameteriza-
tion and Large and Yeager (2004), production stress results
differ by about 5%, on average (both in the Arctic and
globally), and the whole range of parameterizations leads
to results that differ, on average, by 14% (more in low wind
areas) and much more on monthly scales. One aspect that
needs more research is the fact that the newest parameter-
ization, A12, produces less momentum flux than all the
previous ones, especially in lower winds (which, by the
way, continues the trend of decreasing values throughout
the history of the formulas discussed). The A12 parameter-
ization is based on the largest set of measurements of friction
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velocity as a function of wind speed and utilizes the recently
discovered fact that b in equation (6) is not negligible. It also
fits the observations that developed swell at low wind velo-
city has celerity which leads to zero or even negative momen-
tum transfer (Grachev and Fairall, 2001). Therefore, the
significantly lower A12 results for the tropical ocean (the
trade wind region) and months of low winds elsewhere could
mean that most momentum transfer calculations are over-
estimated. This matter needs further study, preferably with
new empirical datasets. Based on our results, we still do not
know which one of the parameterizations can be recom-
mended as the most suitable for the NA and the EU study.
Further investigation of the differences in the parameteriza-
tion of the exchange coefficient in the various algorithm
would help in resolving this problem.

4. Conclusions

In the present work, we assessed how the choice of para-
meterization affects the momentum fluxes when calculated
on an ocean. This allows constraining of the uncertainty
caused by the parameterization choice.

Despite many measurements, the drag coefficient still has
wide variability at low and moderate wind speeds. The lower
the wind speed, the higher the uncertainty are, and at low
winds it is uncertainty by a factor of 0.5-1.5 depending on
the formula used, while at moderate winds it is uncertainty
by a factor of 1.5-2.0 (Fig. 1). The annual mean wind speed
inthe NAis10ms ', and in the EU it is8.5ms '.

We showed that the choice of drag coefficient parameter-
ization can lead to significant differences in resultant
momentum flux (or wind stress) values. Comparing the values
of momentum flux across the sea surface from the power law
parameterization, it showed that in both regions with low
and high winds, the parameterizations specified for all wind
speeds (Eq. (13) in Table 1) has lower values of wind stress
than the parameterizations specified for light winds (Eq. (7)
in Table 1). In the Arctic, the NA, and globally the differences
between the wind stress, depending on formula used, are 14%
and they are higher in low winds areas and can be much larger
on monthly scales, up to 29% in the NA and 36% in the EA (in
months of low winds), and even 50% locally in the area west of
Spitsbergen. For months that have the highest average winds,
the percentage differences are smaller (about 7% every-
where), but because the absolute value of the flux are largest
for high winds, this 7% discrepancy is also important for air-
sea momentum flux values.
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Supplementary material:

Fig. S1. Maps of seasonal and annual momentum flux [N m] across the sea surface (wind
stress) in the North Atlantic and the European Arctic for a) Wu (1969), b) Garratt (1977), c)
Wu (1982), d) NCEP/NCAR, e) Yelland and Taylor (1996), f) Andreas et al., (2012). The
supplementary material does not contained maps from Large and Yeager (2004)
parameterization as during the transferring process the data indicate significant errors.
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d) NCEP/NCAR
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e) Yelland and Taylor (1996)
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f) Andreas et al., (2012)
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