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Abstract. The central Arctic Ocean (CAO) plays an impor-
tant role in the global carbon cycle, but the current and fu-
ture exchange of the climate-forcing trace gases methane
(CH4) and carbon dioxide (CO2) between the CAO and the
atmosphere is highly uncertain. In particular, there are very
few observations of near-surface gas concentrations or direct
air–sea CO2 flux estimates and no previously reported di-
rect air–sea CH4 flux estimates from the CAO. Furthermore,
the effect of sea ice on the exchange is not well understood.
We present direct measurements of the air–sea flux of CH4
and CO2, as well as air–snow fluxes of CO2 in the summer-
time CAO north of 82.5◦ N from the Synoptic Arctic Sur-
vey (SAS) expedition carried out on the Swedish icebreaker
Oden in 2021.

Measurements of air–sea CH4 and CO2 flux were made
using floating chambers deployed in leads accessed from
sea ice and from the side of Oden, and air–snow fluxes
were determined from chambers deployed on sea ice. Gas
transfer velocities determined from fluxes and surface-water-
dissolved gas concentrations exhibited a weaker wind speed
dependence than existing parameterisations, with a median
sea-ice lead gas transfer rate of 2.5 cmh−1 applicable over
the observed 10 m wind speed range (1–11 ms−1). The aver-

age observed air–sea CO2 flux was −7.6 mmolm−2 d−1, and
the average air–snow CO2 flux was−1.1 mmolm−2 d−1. Ex-
trapolating these fluxes and the corresponding sea-ice con-
centrations gives an August and September flux for the CAO
of −1.75 mmolm−2 d−1, within the range of previous indi-
rect estimates.

The average observed air–sea CH4 flux of
3.5 µmolm−2 d−1, accounting for sea-ice concentra-
tion, equates to an August and September CAO flux of
0.35 µmolm−2 d−1, lower than previous estimates and
implying that the CAO is a very small (� 1 %) contributor
to the Arctic flux of CH4 to the atmosphere.

1 Introduction

The Arctic is on average warming up to 4 times faster than
the global average rate (Rantanen et al., 2022), manifested
in dramatic reductions in sea-ice extent (Onarheim et al.,
2018) and thickness (Kwok, 2018). Reduced sea-ice cover
in a warming Arctic is expected to have complex effects on
air–sea gas exchanges (Parmentier et al., 2013), in particular
for the exchange of the two gases whose rising atmospheric
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concentrations are principally responsible for the observed
global warming, carbon dioxide (CO2) and methane (CH4).
The parameterisation of gas transfer in the presence of sea
ice is still under debate but is expected to have large impacts
on polar carbon budgets: for example, Arctic Ocean CO2 up-
take estimates are highly dependent on the parameterisation
choice, with resulting uptake differences of 50 TgCyr−1, i.e.
∼ 30 % of the total (Yasunaka et al., 2018). The Arctic Ocean
corresponds to 5 %–14 % of the global ocean CO2 sink from
3 % of the global ocean area (Bates and Mathis, 2009; Ya-
sunaka et al., 2016, 2018).

The central Arctic Ocean’s (CAO) role in carbon cycling
and the exchange of climate-forcing trace gases with the at-
mosphere is uncertain due to several factors, including lim-
ited observations of dissolved gas concentrations and air–
sea fluxes. The CAO is defined as the deep-water part of
the Arctic Ocean, excluding the shallow shelf seas (Jakob-
sson, 2002). Thus defined, the CAO has an average depth of
2748 m and an area of 4.5× 106 km2, which corresponds to
about 47 % of the surface area of the entire Arctic Ocean.

Sources of CH4 from the Arctic Ocean are poorly con-
strained and spatially variable (Thornton et al., 2016a).
Oceans have long been seen as generally a weak source of
CH4. The shelf seas of the Arctic and particularly the exten-
sive shallow East Siberian Shelf are believed to be a large
source, though are poorly constrained. Here, with potential
sources of CH4 from thawing subsea permafrost and riverine
input (Weber et al., 2019; Manning et al., 2020), fluxes of 9–
286 µmolm−2 d−1 were observed with direct measurement
(Thornton et al., 2020), and 187–238 µmolm−2 d−1 were
estimated from seawater concentrations (Thornton et al.,
2016b). While the integrated magnitude of these Arctic
marine methane emissions remains under debate, it ap-
pears to presently be on the scale of ∼ 4–5 TgCH4 yr−1

or 100 µmolm−2 d−1 (Thornton et al., 2016a, b, 2020), i.e.
∼ 1 % of global CH4 emissions (Saunois et al., 2020). There
are previously no direct CH4 flux measurements available
from the CAO. The estimates that are available are derived
from near-surface (typically ∼ 10 m depth) concentrations
(Manning et al., 2022; Damm et al., 2018; Fenwick et al.,
2017; Lorenson et al., 2016). Seawater CH4 measurements
from the North American Arctic shelf and Canada Basin sug-
gest small fluxes of 0.3–2.2 µmolm−2 d−1 (Manning et al.,
2022; Fenwick et al., 2017). Excess CH4 may be transported
from shallow sea areas across the Arctic Ocean in the wa-
ter column and also frozen in sea ice and in brines within
the ice (Damm et al., 2018). Seawater CH4 concentrations
from the Beaufort Shelf and CAO were used to estimate an
Arctic-wide CH4 flux of 7.5 µmolm−2 d−1 and a potential
flux, if the ice disappeared from currently ice-covered ar-
eas, of 18–63 µmol m−2 d−1 (Lorenson et al., 2016). Emis-
sions of CH4 derived from changing seawater concentra-
tions following a winter storm ∼ 150 km north of Svalbard
were 19 µmolm−2 d−1 during the storm and 5 µmolm−2 d−1

afterwards (Silyakova et al., 2022). Much higher fluxes

(125 µmolm−2 d−1), extending for at least 50 km over win-
tertime (November and April) sea-ice leads at latitudes up
to 82◦ N, have been derived from aircraft-based atmospheric
profile measurements (Kort et al., 2012). These fluxes, ob-
served over deep water, are ascribed to local CH4 produc-
tion associated with the mixed sea ice and lead environment.
The large range of indirect estimates of CAO CH4 emissions
presents a challenge to modelling and highlights the need for
direct measurements.

The CAO is generally undersaturated with respect to at-
mospheric CO2. This undersaturation is due to a combina-
tion of the low temperatures and resulting lower gas satu-
ration, dilution due to freshwater input, limited atmospheric
equilibration due to the presence of sea ice, CaCO3 disso-
lution (Fransson et al., 2017), vertical mixing and primary
production, particularly in shelf seawater advected to cen-
tral areas (Bates et al., 2006). Average Arctic Ocean up-
take in summer months, with a sea-ice concentration (SIC)
of ∼ 50 % and a CO2 partial pressure (pCO2w) undersatu-
ration of ∼ 80 µatm, is estimated at −4 mmolm−2 d−1 (Ya-
sunaka et al., 2018). The majority of existing Arctic Ocean
observations are from coastal regions, with average air–sea
fluxes in the eastern Arctic Ocean of 0–10 mmolm−2 d−1

(Manizza et al., 2019) and average air–sea fluxes in the west-
ern Arctic Ocean somewhat higher at 0–20 mmolm−2 d−1,
primarily due to low SIC in the Chukchi Sea (Bates and
Mathis, 2009; Ouyang et al., 2022). In the CAO, observations
of pCO2w and the air–sea flux are especially sparse. Ya-
sunaka et al. (2018), using a self-organising map to extrapo-
late the sparse near-surface CO2 observations, determine the
mean flux for the CAO region to be below the uncertainty in
their method (uncertainty 2.8 to 3.7 mmolm−2 d−1). Coupled
ocean–biogeochemistry modelling gives an annual CAO flux
of−2.2± 4.0 TgCO2 yr−1 (Manizza et al., 2019). Earlier es-
timates from the Canada Basin suggested fluxes smaller than
−3 mmolm−2 d−1 in periods with SIC near 100 % but an up-
take of around −55 mmolm−2 d−1 in summer months, with
lower SIC (Bates et al., 2006). High fluxes can occur when
water undersaturated with CO2, high winds and open-water
coincide, with CO2 fluxes of up to −86 mmolm−2 d−1 es-
timated in June close to the pack edge north of Svalbard
(Fransson et al., 2017). Fluxes determined from direct, eddy
covariance measurements in areas adjacent to ice or from
lead water surfaces are of the order of −10 mmolm−2 d−1,
in both central and coastal areas of the Arctic Ocean (Pry-
therch et al., 2017; Dong et al., 2021; Prytherch and Yelland,
2021).

The presence of sea ice makes the Arctic Ocean a highly
heterogenous and dynamic environment over a wide range
of spatial scales, complicating robust model representation
of surface exchange processes. Wind speed is the primary
forcing of gas exchange in the ice-free ocean (Wanninkhof
et al., 2009). Sea ice limits air–sea gas exchange but also con-
tributes to its forcing through additional sea-ice-dependent
physical processes that impact interfacial mixing. This im-

Biogeosciences, 21, 671–688, 2024 https://doi.org/10.5194/bg-21-671-2024



J. Prytherch et al.: Central Arctic Ocean surface–atmosphere exchange of CO2 and CH4 673

plies a non-linear relationship of gas transfer rate to sea-
ice cover (Loose et al., 2014). The highest rates of gas ex-
change in pack ice regions occur through open-water areas
such as leads. Leads appear on scales from< 1 m to> 10 km
and can open, change size and close throughout all seasons
(Marcq and Weiss, 2012). Sea-ice-dependent processes im-
pacting gas exchange from lead surfaces are shear between
floating ice and the underlying water (Lovely et al., 2015),
upper-ocean stability, stratification from freshwater during
ice melt and convection-driven turbulent mixing from sur-
face buoyancy during freeze periods (MacIntyre et al., 2010).
Also, modifications to the wind stress input from ice-edge
form drag, ice–wave interactions and short fetch conditions
(Bigdeli et al., 2018). Direct ship-based eddy covariance
measurements support an inverse linear scaling of exchange
with SIC (Butterworth and Miller, 2016; Prytherch et al.,
2017), while laboratory and indirect radon isotope measure-
ments support an enhanced exchange (Fanning and Torres,
1991; Loose et al., 2011, 2017). Recent direct and indirect
gas exchange observations suggest that gas exchange will be
reduced in the presence of sea ice (Rutgers van der Loeff
et al., 2014; Prytherch and Yelland, 2021).

Strong, near-surface gradients in dissolved gas concentra-
tions are prevalent in Arctic sea-ice regions (e.g. Miller et al.,
2019; Ahmed et al., 2020; Dong et al., 2021). Unaccounted
for, this stratification will bias flux estimates and parameter-
isations of gas transfer derived from sub-surface concentra-
tions. Using eddy covariance (EC) flux measurements, Dong
et al. (2021) showed that surface fCO2 in the summertime
Arctic marginal ice zone was 39 µatm lower than that mea-
sured from their ship’s intake at 6 m depth. They determined
that this was partly due to the effects on CO2 solubility from
meltwater cooling and freshening, with approximately half
of the reduction from other factors, presumably photosyn-
thesis. Miller et al. (2019) report pCO2w differences be-
tween the surface and an intake at 7 m depth of between
−180 and +160 µatm during sampling in the Canadian Arc-
tic Archipelago and Hudson Bay. The authors note that “The
temperature differences between the underway system and
the shallower samples were often contrary to the pCO2 gra-
dients . . . , indicating that pCO2 was not simply controlled by
surface heating and cooling”. Due to surface longwave emis-
sion and the resulting cool-skin effect (Woolf et al., 2016),
temperature differences are always present between the sea
surface and intake depths even when the upper ocean is well
mixed.

Sea-ice can be porous due to brine channels within the
ice and can exchange gases with the atmosphere (Delille
et al., 2014). Ice–atmosphere fluxes of CO2 are typically
smaller than those through water surfaces (on the order of
1 mmolm−2 d−1) but can be a significant contributor to re-
gional fluxes in sea-ice areas. Ice–atmosphere fluxes are
largely dependent on temperature (Delille et al., 2014) and
snow cover thickness (Geilfus et al., 2012; Nomura et al.,
2010). Ice–atmosphere CH4 fluxes are less well known. Sea-

ice cores obtained on the Siberian shelf have been super-
saturated with CH4, while cores from the CAO were close
to equilibrium, but atmospheric fluxes were not determined
(Damm et al., 2015). There are no reported measurements of
ice–atmosphere CO2 or CH4 flux in the summertime CAO.

The high sensitivity and small footprint of the flux cham-
ber technique makes it attractive for measurements in small
waterbodies such as leads. The technique has been frequently
used in inland waterbodies but is criticised because the cham-
ber isolates the air–water interface from the wind and may
modify the gas exchange process. While this isolation sug-
gests that chambers reduce gas transfer, previous studies have
often suggested an overestimation of k when determined
from chambers, resulting from artefact turbulence at the wa-
ter surface introduced by the chamber, particularly at very
low wind speeds (Matthews et al., 2003; Vachon et al., 2010).
The gas transfer of poorly soluble gases is controlled by mix-
ing on the water side of the interfacial layer, and the mixing
itself depends on forcings such as wind speed (Wanninkhof
et al., 2009). If water is able to advect into the chamber
rapidly and with minimal modification by the chamber, then
the gas transfer within the chamber will be representative of
the outside environment. Appropriate chamber designs with
minimal penetration into the water layer, high surface-to-
volume ratios and short measuring intervals minimise such
measurement bias.

To remedy some of the uncertainties reviewed above we
here report direct measurements of the air–sea flux of CO2
and CH4, gas transfer velocities determined from the air–sea
flux measurements and surface-water-dissolved gas concen-
trations, and air–snow fluxes of CO2 during the period of
rapid sea-ice melt in the summertime CAO. We relate the
gas transfer velocities to wind speed and lead width, discuss
the measurement uncertainties and estimate regional CAO
fluxes.

2 Methods

Measurements were obtained during the Synoptic Arctic Sur-
vey (SAS) expedition (Snoeijs-Leijonmalm et al., 2022) car-
ried out on the Swedish icebreaker Oden in 2021. The sci-
ence operations of the expedition began on 1 August, when
Oden reached the ice edge north of Svalbard (80.71◦ N,
11.20◦ E). Oden transited to the North Pole along 30◦ E,
then towards the northern coast of Greenland along the
Lomonosov Ridge and then east from the Morris Jesup Rise
towards Svalbard, with relevant science operations finishing
on 11 September (Figs. 1 and 2a).

Ice stations were carried out throughout the expedition
during which Oden halted in the ice for periods ranging be-
tween several hours and 2 d in order to perform winch opera-
tions such as conductivity–temperature–depth (CTD) sensor
and Niskin bottle casts and net deployments. During long-
duration stations, sampling was carried out directly from the
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Figure 1. Map of the expedition route (red line) with chamber
flux sampling locations (yellow circles) and numbers correspond-
ing to Table S1. Sea-ice concentration is shown as determined for
1 September 2021 by AMSR-2 satellite observations and the ASI
6.25 km2 product.

sea ice at locations within a radius of ∼ 200 m of Oden or to
a radius of ∼ 500 m using Oden’s helicopter. During shorter
stations where on-ice work was not possible, measurements
were performed from over the side of the ship (overside).

2.1 Gas flux measurements

Measurements of the air–water CO2 and CH4 flux were made
using floating chambers (e.g. Cole et al., 2010). Two types of
floating chamber sampling were performed: ice-based sam-
pling, with the chamber placed onto lead water or melt pond
surfaces accessed from sea ice and allowed to float freely, and
overside sampling during the shorter stations, with the cham-
ber lowered over Oden’s side to the water surface, resulting
in sampling closely adjacent to the ship. Fluxes measured
overside may be influenced by the presence of Oden impact-
ing the gas exchange rate both through modification of the
near-surface winds and through modification of ocean near-
surface turbulence. Measurements were made as far from any
propeller movement or water flushing as possible but there
may still have been some influence on the measurements.

In the presence of upper-ocean dissolved gas concentration
gradients, mixing induced by Oden may modify the air–sea
concentration difference that drives the flux. As such, over-
side and ice-based flux and surface water gas concentration
measurements are presented separately throughout this study.

Two floating chamber flux systems were used during SAS,
both comprising a gas analyser and air pump connected
through tubing in a closed loop with the chamber. The first
system used a Los Gatos Research (LGR) greenhouse gas
analyser cavity-enhanced laser spectrometer, measuring mix-
ing ratios of CO2, CH4 and H2O. The second system used a
Li-COR 7200RS non-dispersive infrared (NDIR) spectrom-
eter, measuring CO2 and H2O mixing ratios. Surface fluxes
of a gas species are determined from the gradient with time
of the gas mixing ratio in the chamber, with an approxi-
mately linear gradient required for a successful flux measure-
ment. The sampling time for each flux measurement was ap-
proximately 10 min, after which the chamber was manually
raised from the surface and equilibrated with atmosphere,
before being replaced to begin the next sampling period.
Each chamber deployment during SAS typically consisted of
circa eight sampling periods (from 2 to 10). The mean of the
fluxes measured within each deployment is used in the subse-
quent analysis, with the standard error in fluxes indicating the
variability within each deployment. Fluxes were converted
to mmolm−2 d−1 using the chamber surface area, the volume
of the total chamber system (chamber, tubing and analyser
measurement cell), chamber air pressure and the ideal gas
law.

The same chambers were used with both analysers. The
chambers are custom built, consisting of upturned polyethy-
lene bowls, with foam floats attached and rubber stoppers in
the roof through which the tubing is inserted (Fig. S1 in the
Supplement). The chambers are lightweight and low profile
(volume 7489 mL, surface area 0.078 m2), have small cham-
ber wall intrusion depths (< 3 cm), and are allowed to float
freely. Wind is the dominant source of surface mixing energy
in the open ocean and most large waterbodies. Chamber flux
measurement necessarily involves isolation of an area of wa-
ter from the wind. The chamber design and sampling choices
are made to minimise known measurement biases resulting
from anchoring effects (Lorke et al., 2015) and from cham-
ber size and shape and sampling duration (Matthews et al.,
2003; Mannich et al., 2019). Similar chamber designs to that
deployed here have been shown to determine gas exchange
rates in agreement with those determined in streams and
small lakes from tracer releases (Cole et al., 2010), surface
dissipation measurements and IR (infrared) imagery (Gålfalk
et al., 2013). With appropriate flux chamber design (i.e. the
relatively small and lightweight chambers used here), it is
assumed that the wind-induced interfacial layer mixing, the
controlling factor for air–sea gas transfer of poorly soluble
species, is advected within the chamber with minimal modi-
fication of the mixing by the chamber.

Biogeosciences, 21, 671–688, 2024 https://doi.org/10.5194/bg-21-671-2024



J. Prytherch et al.: Central Arctic Ocean surface–atmosphere exchange of CO2 and CH4 675

Figure 2. Time series of (a) Oden’s latitude, (b) wind speeds as measured on Oden and (c) SIC determined from the ASI 6.25 km2 product
interpolated to Oden’s position. Grey circles in each plot show averaged values corresponding to the times of flux chamber measurement.

Air–snow CO2 flux measurements were made using a PP
Systems CPY-4 chamber connected to an EGM-4 NDIR
analyser and mixed by a fan inside the chamber (e.g. Miller
et al., 2015). The transparent chamber (volume 2344 mL, sur-
face area 167 cm2) was covered to minimise insolation ef-
fects and deployed on undisturbed snow surfaces. The cham-
ber collar was pressed 1 cm into snow to prevent air leaks.
The sampling time was also 10 min here.

Measurements of surface atmosphere CO2 and CH4 flux
were also made throughout the expedition by EC from a sys-
tem installed on Oden’s foremast (Prytherch et al., 2017).
Post-cruise analysis determined that fluxes measured in sea-
ice regions were below the limit of detection of this sys-
tem. While the strong observed CO2 undersaturation re-
sulted in air–sea fluxes at the lead spatial scale that would
be within the typical detectable range of EC systems, the
high sea-ice concentration within the EC footprint (of ap-
proximately square kilometre scale from the 20 m EC mea-
surement height) throughout the expedition substantially re-
duced the signal size (e.g. Prytherch et al., 2017), and as such
EC measurements are not used in the analysis here (see the
Supplement).

Throughout this paper we use the convention that positive
fluxes are upwards, i.e. indicating a release of gas from the
surface to the atmosphere, and negative fluxes are a down-
wards flux, indicating uptake of gas by the surface from the
atmosphere.

2.2 Water sampling

On board Oden, an underway seawater intake system con-
tinuously pumped water from a depth of approximately 8 m.
Water temperature at 8 m depth was measured close to the
underway line inlet with two hull contact sensors, and the
temperature and salinity of the underway line water were
measured using a Seabird SBE45 thermosalinograph (TSG)
located in Oden’s main lab. Downstream of the TSG on the
underway line, a Pro Oceanus CO2-Pro CV membrane equi-
libration sensor measured the equilibrated CO2 mixing ratio
from which pCO2w was calculated. This sensor was factory-
calibrated prior to the expedition and performed an auto-
mated zeroing procedure every 6 h. The manufacturer states
the accuracy to be ± 3 ppm.

Surface water was sampled during the expedition to de-
termine dissolved gas concentrations and carbonate system
variables. Water samples were taken using bottles submerged
at depths of 0–10 cm and using syringes at depths of 0–5 cm.
During some stations a Ruttner sampler was used to obtain
water samples at depths from 0.5 to 2.5 m. During overside
chamber flux sampling, water samples were obtained using a
lowered bucket, with the resulting water depth range for bot-
tle and syringe samples corresponding approximately to the
height of the bucket (0–30 cm). Temperature and practical
salinity during each sampling were measured with a WTW
340i conductivity probe. Discrete sampling at depth and from
the underway line followed the washing and repeat overflow
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protocols described in Dickson et al. (2007). For surface wa-
ter bottle sampling, the bottles were first washed with sea-
water and then submerged by hand gradually while lying
sideways to minimise air–water mixing, as it was not pos-
sible to follow standard overfilling protocols (Dickson et al.,
2007). Syringe sampling is not described in the carbon sys-
tem sampling protocols but follows Bastviken et al. (2003).
The syringes were repeatedly washed with seawater prior to
sampling.

Samples of dissolved inorganic carbon (DIC) and total al-
kalinity (TA) were collected in Pyrex® borosilicate bottles
(250 mL) according to Dickson et al. (2007), without be-
ing poisoned with mercury chloride (HgCl2). Samples were
stored short-term (typically less than 12 h, +4 ◦C and dark)
and thermostated to 25 ◦C in a water bath prior to analysis.
DIC was determined using a coulometric titration method
based on Johnson et al. (1987) with a modified single-
operator multiparameter metabolic analyser (SOMMA) sys-
tem (coulometer type UIC 5012), and the mean difference
and standard deviation of duplicate sample analysis were
5.0± 2.5 µmolkg−1 (n= 12). TA was determined using a
semi-open-cell potentiometric (Orion ROSS 8102BN) titra-
tion (Metrohm Dosimat 665) method using a five-point Gran
evaluation (Haraldsson et al., 1997), and the mean differ-
ence and standard deviation of duplicate sample analysis
were 3.4± 2.5 µmolkg−1. The accuracy in DIC and TA
was ensured by routine analysis of certified reference mate-
rial (CRM Batch no. 181 and no. 191) obtained from An-
drew G. Dickson of Scripps Institution of Oceanography
(La Jolla, CA, USA). The pCO2w was calculated from mea-
sured DIC and TA using the CO2SYSv1.1 MATLAB toolbox
(Lewis and Wallace, 1998; van Heuven et al., 2011) and the
dissociation constants of Lueker et al. (2000).

Samples for CH4 analysis from surface leads, buckets,
CTD and the pumped underway line were collected into
500 mL borosilicate bottles. Bottles were allowed to over-
fill with the bottle volume three times to remove gas bub-
bles, poisoned with 100 µL of saturated HgCl2 and then
transferred to the laboratory. Prior to analysis, samples were
placed into a water bath at 25 ◦C and thermostated for a
minimum of 2 h before analysis. All samples were analysed
within 3 d of collection. Samples were analysed by single-
phase equilibration gas chromatography (GC) using a flame
ionisation detector (FID), similar to that described by Upstill-
Goddard et al. (1996). Samples were calibrated against three
certified ± 5 % reference standards, which are traceable to
NOAA WMO-CH4-X2006A. Concentrations in seawater at
equilibration temperature (∼ 25 ◦C), in situ salinity and dis-
solved partial pressures of CH4 (pCH4w), were calculated
using the ideal gas law, Henry’s law and CH4 solubility de-
termined by Wiesenburg and Guinasso (1979).

Additional water samples were collected with 60 mL PVC
plastic syringes, where 30 mL of seawater was equilibrated
with 30 mL air immediately after sampling, and the equi-
librated air sample stored as headspace in 20 mL vials that

were prefilled without headspace with a saturated NaCl solu-
tion (Bastviken et al., 2003). The headspace gas was analysed
after the expedition using the methods described in Lunde-
vall Zara et al. (2021) and determined on an SRI 8610 GC
with FID and methaniser. Headspace concentrations were
corrected for the atmospheric background of CH4 and CO2
determined with the LGR gas analyser, accounting for the
soluble fraction in the equilibrated 30 mL water sample, and
pCO2w and pCH4w were calculated. The precision of repli-
cate equilibration samples was 5 % or better.

For each sampling time and location, the bottle- and
syringe-derived measurements were combined to obtain an
average time series of both surface pCH4w and surface
pCO2w, with measurement uncertainty given as the standard
error of the mean (the range between the bottle and syringe
values is equivalent to twice the standard error). A compar-
ison of the measurements obtained from the different sam-
pling methods and further details of the averaging process
are given in Sect. 1 and Fig. S2 in the Supplement.

2.3 Meteorological and sea-ice measurements

Meteorological measurements were made on board Oden us-
ing a semi-permanent suite of instrumentation (Vüllers et al.,
2021). Wind speed and direction was measured on the fore-
mast at 20 m height, corrected for airflow distortion (Pry-
therch et al., 2017) and adjusted to 10 m height assuming a
logarithmic profile and neutral stability conditions, which are
prevalent in the summertime CAO. For winds coming from
behind Oden (more than 90◦ from bow on), mast measure-
ments were replaced with those from anemometers mounted
at each side of the bridge roof at 28 m height, which were
also corrected for height but not airflow distortion. All wind
measurements are given as ice-relative speeds. Air temper-
ature and humidity were measured on the foremast at 20 m
height with aspirated sensors. Surface temperature was deter-
mined as the average measurement of two KT15.IIP infrared
sensors mounted on each side of the bridge roof at 25 m, ob-
serving the surface approximately 30 m to port and starboard
of Oden’s hull. Snow and ice surface temperatures were ad-
ditionally measured adjacent to snow/ice flux sampling us-
ing thermistors inserted into the upper few centimetres of the
snow or ice surface. Lead widths and other distances were
measured with a laser rangefinder (Naturalife PF4). Sea-ice
thickness and freeboard were determined adjacent to ice flux
sampling sites as the average from three 2 cm auger-drilled
holes.

Surface buoyancy flux into lead waters was determined
following MacIntyre et al. (2009) using the net radiative
fluxes and turbulent heat fluxes made on board Oden (Vüllers
et al., 2021) and water surface temperature and salinity. Tur-
bulent fluxes were gap-filled using the bulk estimates (Smith,
1988).
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2.4 Gas transfer velocity calculation

The air–sea flux, FX, of a poorly soluble gas species X, such
as CO2 and CH4, can be represented as (e.g. Wanninkhof
et al., 2009; Fairall et al., 2022)

FX = kK0X1fX, (1)

where K0X is the aqueous-phase solubility of X

(molm−3 atm−1) and 1fX is the difference in the fu-
gacity of X between the surface water and air. Fugacity is
partial pressure corrected for non-ideality: this correction is
very small (< 1 %) for CO2 and CH4 in summertime Arctic
conditions (McGillis and Wanninkhof, 2006), and partial
pressures are used in all calculations reported here. The gas
transfer velocity, k, represents the kinetic forcing of the flux,
dependent on both molecular diffusivity, D, water viscosity,
ν, and processes that impact transfer across the water surface
interfacial layer. To account for the dependence of diffusivity
on gas species, temperature and salinity, k is commonly
normalised in terms of the non-dimensional Schmidt number
Sc (Sc = ν/D):

k660 = k(Sc/660)n (2)

Here, 660 is the Schmidt number of CO2 in seawater at
20 ◦C, and the exponent n depends on the hydrodynamics
of the interfacial layer and is commonly chosen to be 0.5 for
a wavy surface (e.g. Jähne et al., 1987).

We determine k660 from Eqs. (1) and (2) using mea-
surements of FX from the floating chamber and measured
partial pressure differences and solubilities and Sc calcu-
lated from the polynomial relationships summarised in Wan-
ninkhof (2014), with the solubility relationships for CO2 and
CH4 originally determined by Weiss (1974) and Wiesenburg
and Guinasso (1979), respectively. Uncertainties in k660 are
determined from a combination of the flux and surface water
partial pressure standard errors. Where the partial pressure
comprised only one sample and so had no error value, the
mean partial pressure standard error for that species is used
instead.

3 Results

Unless otherwise stated, data are presented as means and
standard deviations. The air–water fluxes and coincident sup-
porting measurements are shown in Table S1 in the Supple-
ment, and air–ice and air–snow fluxes are shown in Table S2
in the Supplement. The uncertainties in the flux measure-
ments shown in the tables and figures are the standard error
of the samples within each chamber deployment, and the un-
certainties in the surface partial pressures in Table S1 and the
figures are the standard error of the samples comprising each
measurement.

3.1 Meteorological and seawater conditions

Average wind speeds at 10 m (U10) during SAS were
5.4± 2.4 ms−1 (Figs. 2b and 3a). The winds speeds cor-
responding to the air–water flux measurements were repre-
sentative of the expedition as a whole with an average of
5.1± 2.7 ms−1. Wind speeds were generally moderate, with
∼ 80 % of the U10 measurements between 2 and 6.5 ms−1

(Fig. 3a). The highest winds occurred early in the expedi-
tion, on 8 and 9 August, with 20 min average U10 reaching
13.4 ms−1. The wind distribution is similar to that observed
on previous summertime CAO measurement campaigns, al-
though without the passage of frontal systems and the as-
sociated higher winds that occurred during some campaigns
(e.g. Tjernström et al., 2012; Vüllers et al., 2021). Sea-ice
concentration was generally high, with 90 % of the expedi-
tion occurring in SIC > 75 % and 60 % of the expedition in
SIC> 95 % (Fig. 3b). The notable exception is a period from
3 to 7 September when Oden was operating in a region of
mixed sea ice and open water north of Greenland (Figs. 2c
and 1).

Surface water temperature in leads sampled during flux
measurements was −1.4± 0.5 ◦C (Fig. 4a), and the salin-
ity of those samples showed high variation, ranging from
1.2 to 32.9, with an average of 26.3± 8.5 (Fig. 4b). Sur-
face water temperatures were generally at or very close to
the seawater freezing point. Salinity lower than 22 occurred
when ice movement caused a release of fresh melt pond wa-
ter into leads, resulting in strong near-surface gradients. The
temperature and salinity measured from the 8 m depth intake
showed less variation: −1.2± 0.2 ◦C and 30.8± 1.2, respec-
tively. Surface temperatures determined by infrared sensors,
including both ice and water surfaces, were −2.0± 1.7 ◦C
over the course of the expedition. Approximately 20 % of the
expedition occurred with surface temperatures below −3 ◦C
and 30 % with surface temperatures above −1 ◦C (Fig. 3c).

Throughout the expedition, intermittent periods with
falling surface temperatures occurred, associated with clear-
sky conditions and surface longwave cooling (e.g. Prytherch
and Yelland, 2021). From 25 August there was a regime shift,
with protracted periods of surface (ice) temperature below
the seawater freezing point and deeper intermittent surface
temperature drops, falling to around −10 ◦C, indicating the
beginning of the autumn freeze-up (Supplement Sect. S2 and
Fig. S3 in the Supplement).

3.2 CH4 and CO2 partial pressures

Atmospheric CH4 partial pressure (pCH4a) measured us-
ing the chamber LGR analyser during equilibration periods,
increased from approximately 1.98 µatm to 2.01 µatm over
the course of the expedition (mean and standard deviation
1.99± 0.02 µatm; Fig. 4c). The surface seawater pCH4w was
determined as the average of two GC-based sampling meth-
ods (Sect. 2.2), with the two methods having a mean standard
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Figure 3. Occurrence probability (blue) and cumulative probability (red) during the expedition of (a) wind speeds adjusted to 10 m height,
(b) SIC determined from the ASI 6.25 km2 product interpolated to Oden’s position and (c) surface ice or water temperature as measured with
IR sensors on board Oden.

Figure 4. Time series of (a) seawater temperature at 8 m depth and at the surface during chamber flux sampling, with the corresponding
freezing point determined from salinity measurement and surface temperature (ice or water) measured from IR sensors on board Oden.
(b) Salinity measured from the 8 m intake and at the surface during chamber flux sampling. (c) Partial pressures of CH4 in water at specified
depths and sampling locations and in the near-surface atmosphere. (d) As per (c) for CO2.

error of 2.82± 1.54 µatm, with the syringe-based samples
consistently higher (Supplement Sect. S1; Fig. S2a). The av-
eraged surface seawater pCH4w measurements were slightly
oversaturated throughout the expedition: 5.37± 3.13 µatm
(Fig. 4c and Table S1). Overside samples were slightly higher
and more variable (5.88± 4.32 µatm) than ice-based sam-
ples (5.05± 2.26 µatm), with the highest overside sample on

29 August at 16.0 µatm. The pCH4w sampled from 8 m depth
was lower and less variable than the surface measurements,
with an average of 2.70± 0.68 µatm. The 8 m pCH4w was
closer to equilibrium than the surface waters but still slightly
oversaturated, most notably from 18 August to 4 September,
when pCH4w averaged 3.1± 0.8 µatm.
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Figure 5. Near-surface profiles of CH4 saturation (red) and salinity (blue) determined from ice-based Ruttner bottle sampling on the indicated
day. An estimate of ice floe thickness is shown (thick black line), determined from auger drilling close to the sampling site.

Near-surface gradients of CH4 saturation determined from
Ruttner bottle sampling and on-ship analysis during the lat-
ter part of the expedition showed little variation with depth
over the upper 2.5 m (Fig. 5). A pronounced freshening of
the near-surface water was observed on 3 and 8 September
and to a lesser extent on 27 August. This is likely to be either
a residual layer from ice melt or due to leakage of fresh melt
pond water resulting from ice movement caused by Oden’s
nearby passing.

Atmospheric CO2 partial pressure (pCO2a) from cham-
ber equilibration periods was 402.4± 3.0 µatm (Fig. 4d).
The surface seawater pCO2w was determined as the aver-
age of GC-based syringe samples and bottle samples anal-
ysed for DIC and TA from which pCO2 was calculated
(Sect. 2.2). The two methods had a mean standard error
of 25.5± 22 µatm (Supplement Sect. S1; Fig. S2b). The re-
sulting averaged surface seawater pCO2w was always un-
dersaturated, with a mean value of 227± 71 µatm (Fig. 4d
and Table S1). The pCO2w from overside samples was
higher and more variable (288± 69 µatm) than that from the
ice-based samples (189± 39 µatm). The seawater pCO2w
from 8 m depth was closer to equilibrium but still strongly
undersaturated during most of the expedition: on average
315± 28 µatm. There was a strong gradient in pCO2w be-
tween the surface measurements and those from the 8 m in-
take from 14 August to the end of the expedition (Fig. 4d).
Both depths were undersaturated throughout the expedition
with the surface pCO2w on average 88 µatm lower than at
8 m depth. The period prior to 13 August had noticeably

higher surface water pCO2w than later periods: close to or
above the 8 m depth pCO2w. The surface measurements in
this early period were from both overside and ice-based sam-
pling, suggesting this relatively reduced or reversed pCO2w
gradient was not primarily an artefact of Oden’s influence on
the upper water column.

3.3 Lead air–sea fluxes

All measured air–sea CH4 fluxes were positive (emission
from the water to the atmosphere), in the direction of the
air–sea concentration gradient, and the majority of the fluxes
were less than 5 µmolm−2 d−1 (Fig. 6a and Table S1). The
two highest fluxes, on 11 and 29 August, were coincident
with the strongest air–sea pCH4 differences (Fig. 4c). The
average air–sea CH4 flux was 3.5± 4.4 µmolm−2 d−1. The
overside flux measurements were on average higher and
more variable (6.7± 6.0 µmolm−2 d−1) than the ice-based
measurements (1.5± 1.1 µmolm−2 d−1).

Measured air–sea CO2 fluxes, using both the LGR- and
Li-COR 7200-based systems, were all negative, showing up-
take of CO2 by seawater. The flux was in the direction of
the air–sea concentration gradient, with a range of −1.5
to −20.7 mmolm−2 d−1 (Fig. 6a and Table S1). The av-
erage air–sea CO2 flux was −7.3± 5.7 mmolm−2 d−1. As
for the CH4 fluxes, the average magnitude of the over-
side CO2 flux measurements was higher and more vari-
able (−12.7± 7.3 mmolm−2 d−1) than the ice-based mea-
surements (−4.8± 2.0 mmolm−2 d−1).
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Figure 6. Time series of (a) air–sea fluxes of CH4 (filled symbols) and CO2 (non-filled symbols) measured with chamber flux systems
at the specified sampling locations; (b) k660 of CH4 (filled symbols) and CO2 (non-filled symbols) determined from air–sea chamber flux
measurements using Eqs. (1) and (2); (c) snow–air CO2 fluxes measured with the EGM-4 chamber flux system. Error bars are the standard
error of the flux samples in each deployment. Outer black circles in (a) and (b) indicate measurements made in the presence of grease ice.

The largest CO2 fluxes occurred in the early part of the
expedition, prior to 13 August, during overside sampling
and in a period with a notably smaller air–sea pCO2 gra-
dient than later. The large overside flux measurements on
8 August occurred during high winds, but other high over-
side measurements on 10 and 11 August occurred during
light winds < 4 m s−1 (Fig. 2b). These measurements may
be biased by the presence of Oden or the interaction between
Oden and the floating chamber, affecting the near-surface tur-
bulence that drives the flux. These biases likely depend on
the interaction of conditions such as the wind speed and di-
rection relative to Oden, the location and topology of sea ice,
and the position of the chamber relative to Oden and to the
sea ice, all of which varied from one sampling to another. As
such, all overside flux measurements are treated separately to
the ice-based measurements.

Thin, grease or frazil ice was present at times during the
expedition, especially during the latter part of the expedition,
from 26 August, coinciding with the end of the melt sea-
son and the onset of the freeze-up. Ice-based sampling when
grease ice was present resulted in lower fluxes on average
of CH4 (0.9± 0.6 µmolm−2 d−1), indicating that grease ice
may impede gas exchange, presumably through the ice layer
presenting both a physical barrier and reducing the action of
wind on the surface water. However, the presence of grease
ice did not change the average flux of CO2, and the mean

reduction in CH4 flux is within the standard deviation. The
presence of the chamber may modify the effect of the grease
ice on gas exchange in an unquantified way, trapping ice in-
side or outside the chamber and modifying the radiative bal-
ance at the surface, affecting ice formation.

3.4 Gas transfer velocities

Gas transfer velocities (k660) determined directly from air–
sea chamber flux measurements using Eqs. (1) and (2) were
generally less than 10 cmh−1, with the notable exception of
k660 determined from overside CO2 flux measurements prior
to 13 August when winds and fluxes were high (Fig. 6b).
For all measurements, the average k660 was 6.7± 9.7 cmh−1

(median 3.3 cmh−1). The average CH4-flux-derived k660
was 4.2± 4.6 cmh−1, while the average CO2-flux-derived
k660 was 8.0± 11.4 cmh−1. The distribution of k660 is non-
Gaussian, and the median values from both gases combined
and for CH4 and CO2 separately are similar: 3.3, 3.8 and
3.1 cmh−1, respectively. The ice-based measurements were
lower and had less scatter; the median k660 of both gases was
2.5 cmh−1 (average 3.0± 3.4 cmh−1). Many of the lower
k660 measurements were made in the presence of grease
or frazil ice, with the median k660 of grease ice affected,
ice-based samples of both gases being 1.1 cmh−1 (average
1.4± 0.9 cmh−1).
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Figure 7. Wind speed dependence of k660 determined from air–sea
chamber flux measurements using Eqs. (1) and (2) and non-linear
least-squares fits to the measurements (y = a× xb). Outer circles
around the markers indicate measurements made in the presence
of grease ice. Black crosses indicate measurements made with lead
widths < 10 m. Diamonds indicate measurements made when the
surface buoyancy flux was negative (surface cooling). Also shown
are three wind-speed-based parameterisations of k660 and the para-
metric WAGT model in both SIC mode (with SIC= 90 %) and fetch
mode using lead width.

The wind speed dependence of the measurements, deter-
mined with a non-linear least-squares fit of the form y =

a× xb, was approximately cubic, although the correlation
with the data was weak (a= 0.02, b= 2.9, r2

= 0.31; Fig. 7).
The two measurements with the greatest uncertainty (stan-
dard errors of 289 and 45 cmh−1) were excluded from the
fit. The relatively few data points (36) and the weakness of
the correlation means that caution is needed in interpreta-
tion or application of this relationship. At low wind speeds
(< 3 ms−1), the measurements are higher than previously de-
termined power law parameterisations, suggesting that pro-
cesses other than wind speed may be contributing to interfa-
cial mixing. With the exception of one value, these low wind
k660 are relatively small, similar to the low-wind values of
previous parameterisations determined with non-zero inter-
cepts (e.g. Wanninkhof et al., 2009).

The overside CO2-flux-derived k660 was higher and more
scattered than the other measurements and may have been
affected by their close proximity to Oden’s hull and the addi-
tional turbulence that this may induce in the ocean. The wind
speed dependence of the fit determined to only ice-based
measurements (again excluding the measurement with the
highest standard error) was weaker and had a weaker corre-
lation (a= 0.999, b= 0.533, r2

= 0.13). The ice-based mea-

Figure 8. Surface temperature dependence of ice–air and snow–air
CO2 fluxes measured with the EGM-4 chamber flux system.

surements would not have been affected by any such bias,
and the wind speed dependence of ice-based CO2- and CH4-
derived k660 was weaker, close to linear and generally be-
low previous open ocean and lead water k660 parameterisa-
tions. The contribution to the observed k660 wind speed de-
pendence of forcings particular to the sea-ice environment is
discussed in Sect. 4.2.

The measurements were also compared with the paramet-
ric Wave Age Gas Transfer (WAGT) model of gas exchange
in sea-ice regions (Bigdeli et al., 2018). The WAGT model
was run in both SIC mode, with SIC set to 90 %, and fetch
mode using the lead width measurements. The WAGT fetch
mode has good agreement with the measurements at wind
speeds below 6 ms−1, whereas the SIC mode overpredicts.
Both WAGT modes overpredict at higher wind speeds.

3.5 Air–snow fluxes

Chamber measurements of air–snow CO2 flux showed con-
sistent small fluxes (on average, −1.1± 1.2 mmolm−2 d−1),
with the largest-magnitude flux −2.9 mmolm−2 d−1 (Fig. 6c
and Table S2). No clear dependence of the atmospheric
flux on surface temperature was found, with the largest-
magnitude fluxes occurring at temperatures close to and
above freezing but some relatively large fluxes (up to
−2.8 mmolm−2 d−1) also being observed during the cold-
est measured surface conditions, with temperatures <−2 ◦C
(Fig. 8).
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Table 1. Air–sea CH4 and CO2 fluxes (mean± standard deviation) determined from chamber measurements and from bulk methods using
the specified gas transfer relationship and partial pressure, temperature and salinity measurement location.

Species (unit) Measured Bulk, with surface pX, T , S Bulk, with 8 m pX, T , S

Ho et al. (2006) Prytherch and Yelland (2021) Ho et al. (2006) Prytherch and Yelland (2021)

CH4 (µmolm−2 d−1) 3.5± 4.4 9.0± 8.2 6.4± 5.8 2.5± 3.7 1.8± 2.6
CO2 (mmolm−2 d−1) −7.3± 5.7 −12.9± 11.6 −9.1± 8.2 −7.3± 8.6 −5.1± 6.0

4 Discussion

4.1 Near-surface concentration gradients

Strong near-surface CO2 gradients are often observed in Arc-
tic waters. Lower CO2 partial pressure at the surface rela-
tive to 8 m (Fig. 4d) may result from the input of unsatu-
rated water from melting sea ice, from differences in biolog-
ical activity and from the increased solubility resulting from
the generally lower temperature and fresher surface waters
(Fig. 4a and b). Solubility differences between the surface
and 8 m in the measurements reported here on average ac-
count for a pCO2w difference of 10 µatm or 11 % of the total
average difference between the depths. The fresher surface
layer observed on several days (27 August, 3 and 8 Septem-
ber; Fig. 5) indicates a stratification that could act to suppress
near-surface mixing, leading to lower surface gas concentra-
tions and thus lower fluxes. In the coarse vertical-resolution
observations reported here, near-surface CH4 saturations de-
crease in the presence of lower salinity, suggesting that in
these cases the greater solubility in fresher water compen-
sates for any stratification effect.

The results here further demonstrate the concentration gra-
dients that can be present between the surface and the sam-
pling depths used for the majority of the reported ocean
“surface” gas concentration measurement (e.g. Miller et al.,
2019). Larger air–sea concentration differences will, all else
being equal, cause a larger air–sea flux, and thus any gradient
between the surface and the water sampling depth will bias
both bulk-method fluxes (i.e. fluxes calculated using Eq. 1
and a parameterisation of k; Wanninkhof et al., 2009) and
gas transfer velocity measurements. As such gradients are
common and are not easy to determine or correct for, many
parameterisations of gas transfer incorporate such biases.

If the surface partial pressure, T and S measurements from
this study are used to determine bulk-method fluxes, the CO2
fluxes are on average 77 % (with the k−U10 relationship of
Ho et al., 2006) or 25 % (with the k−U10 relationship of Pry-
therch and Yelland, 2021) higher than the measured chamber
fluxes (Table 1). This result adds to the existing literature
showing a physical effect of sea ice on gas transfer veloc-
ity. In contrast, if the 8 m depth partial pressure, T and S
measurements are used instead, the bulk fluxes are 1 % (Ho
et al., 2006) and 30 % lower (Prytherch and Yelland, 2021)
than the measured fluxes. This result adds to those discussing

Figure 9. Dependence on lead width of water–air chamber flux-
derived k660 normalised by U10. A non-linear least-squares fit to
the ice-based measurements (y = a×xb) is shown (blue line). Outer
circles around the markers indicate measurements made in the pres-
ence of grease ice. Diamonds indicate measurements made when
the surface buoyancy flux was negative (surface cooling).

the bias in bulk fluxes, particularly prevalent in the Arctic,
when gas concentration measurements are made at depth be-
low the air–water interface (e.g. Miller et al., 2019). For CH4
the effects of the gradients are similar (Table 1), with bulk
fluxes derived from surface measurements being larger than
the chamber fluxes by 156 % and 80 % (for the Ho et al.,
2006, and Prytherch and Yelland, 2021, k−U10 relationships,
respectively) and the bulk fluxes derived from 8 m measure-
ments being smaller than the chamber flux measurements by
28 % and 49 %, respectively.

4.2 Gas transfer in the presence of sea ice

Greater lead width and fetch enables greater wind-driven
mixing, while measurements close to ice edges may also be
affected by the interaction of wind and waves with the ice
edge. The wind speed dependence of all (36) measurements
(Fig. 7) is approximately cubic with a weak correlation (r2

0.31). The k660 measurements, normalised by U10, do not

Biogeosciences, 21, 671–688, 2024 https://doi.org/10.5194/bg-21-671-2024



J. Prytherch et al.: Central Arctic Ocean surface–atmosphere exchange of CO2 and CH4 683

show a clear dependence on lead width as determined by
laser ranging (Fig. 9). For overside measurements lead width
was the distance from Oden’s hull to the ice edge. In contrast,
the U10-normalised ice-based measurements appear to have
a dependence on lead width; the correlation of a non-linear
least-squares fit of the form y = a× xb is weak (a= 0.208,
b= 0.34, r2

= 0.27) but stronger than the fit of these mea-
surements to wind speed. Properly accounting for such fetch
effects would require the determination of lead dimensions,
relative wind direction and ice freeboard, but the relatively
small variation in the ice-based measurements with width
suggests that simpler approaches to parameterising k in sea-
ice regions, with either a wind speed dependence or a con-
stant value, may be sufficient.

The buoyancy flux measurements enable the identifi-
cation of measurements made in conditions of surface-
cooling-induced convection, which can enhance gas ex-
change (McGillis et al., 2004), but no clear enhancement of
gas transfer was apparent (Fig. 7). Many of the convective
measurements were also in leads of < 10 m width (Figs. 7
and 9), complicating the determination of the impact of ei-
ther convection or fetch on gas exchange. Many, but not all,
of the lower gas exchange rates were measured when grease
ice was present on the lead water, even at higher wind speeds
(> 7 ms−1) when low lead widths provided sheltered con-
ditions (Fig. 7). Grease ice is expected to reduce gas trans-
fer rates, and all high k660 measurements (> 5 cmh−1), both
overside and ice-based, were obtained when grease ice was
not present.

The WAGT model was designed to use estimates of the
area of open water from SIC products. Although different
ice products have experienced significant improvements in
increased resolution in recent years, they are still prone to
missing critical small-scale features such as open or refrozen
leads. Passive radiometer data also treat a ∼ 20 cm thin ice
cover as open water (e.g. Hoffman et al., 2019), with severe
impacts on gas transfer estimates.

4.3 Regional fluxes

The fluxes and gas transfer measurements presented here
provide direct-measurement-based constraints for the role
of the CAO in CO2 and CH4 atmospheric exchange. Air–
sea chamber fluxes were made at latitudes from approx-
imately 82.5 to 90◦ N. These latitudes bound an area of
2.2× 106 km2, approximately corresponding to the deep-
water areas of the Amundsen Basin. The International
Hydrographic Organization (IHO)-defined central Arctic
deep basin (4.7× 106 km2) and the bathymetrically defined
4.5× 106 km2 “Central Arctic Ocean Basin” delineated by
Jakobsson (2002) and used here as the definition of the CAO
are larger. In all definitions, the CAO corresponds to the Arc-
tic Ocean deep water > 2400 m depth, as a strong contrast
to the shallow shelf seas (average depths∼ 50–250 m) which
surround the Arctic Ocean. The average SIC during this por-

tion of the expedition was 90 %, determined from AMSR-2
6.25 km2 observations using the ASI algorithm (Spreen et al.,
2008).

The measured air–sea CO2 fluxes are of similar magni-
tude to the EC measurements of Prytherch et al. (2017) (av-
erage −7.8 mmolm−2 d−1), Prytherch and Yelland (2021)
(0 to −20 mmolm−2 d−1, average −12.4 mmolm−2 d−1,
measured in higher winds) and Dong et al. (2021), (0
to −40 mmolm−2 d−1, measured in SIC > 60 %). Aver-
aging observations regionally, the mean chamber-derived
CO2 air–sea fluxes of −7.6 mmolm−2 d−1 correspond to
SIC-accounted CAO fluxes of −3.42× 109 mold−1 or
−150.5 GgCO2 d−1. The flux measurements reported here
were made during the summer and the beginning of the au-
tumn freeze-up in conditions of persistent, strong pCO2w
undersaturation. The annual cycle of Arctic Ocean surface
pCO2w is poorly constrained, primarily due to the rarity of
reported observations outside of summer months (e.g. Ya-
sunaka et al., 2018; Else et al., 2012). As such, while we can
estimate an annual CAO air–sea flux of −55.0 TgCO2 yr−1

by multiplying the average daily flux by 365, this result is
highly uncertain. Furthermore, while density stratification
from sea-ice melt in summer months may suppress upper-
ocean mixing leading to reduced air–sea concentration gra-
dients and thus reduced summer fluxes relative to other sea-
sons, this stratification was not evident in the measurements
reported here. Thus, due to the higher SIC and lower pri-
mary productivity in winter months, our annual flux estimate
is likely to represent a high estimate. If the average bulk flux
of−8.4 mmolm−2 d−1 as determined from near-surface CO2
concentrations and the k relationship of Prytherch and Yel-
land (2021) is used instead of the average observed flux, the
CAO air–sea flux is slightly larger (−3.78× 109 mold−1 or
−166.4 GgCO2 d−1).

The measured air–snow CO2 fluxes
(−1.1± 1.2 mmolm−2 d−1) are of a similar magnitude
to previously reported EC-determined air–snow fluxes
from the summertime CAO (Prytherch and Yelland, 2021;
−0.7 mmolm−2 d−1, maximum −6.5 mmolm−2 d−1). They
also span a similar range (−2.9 to 0.25 mmolm−2 d−1) in-
cluding the observed positive emission fluxes, as previously
reported air–snow chamber flux measurements (Geilfus
et al., 2012; Nomura et al., 2010, 2013, 2018; Delille et al.,
2014; Geilfus et al., 2015). However, none of these previ-
ously reported air–snow flux measurements are from the
summertime or autumn CAO. Using the observed expedition
SIC and the average flux through snow-covered sea ice of
−1.1 mmolm−2 d−1 yields a CAO regional air–snow flux
of −4.46× 109 mold−1 or −196.1 Ggd−1. Combining the
air–sea and air–snow chamber flux estimates with constant
SIC (90 %), the average atmospheric CO2 flux for the CAO
is −1.75 mmolm−2 d−1.

The average air–sea CH4 flux of 3.5 µmolm−2 d−1,
accounting for SIC, equates to a CAO flux of
1.58× 106 mold−1 or 25.3 Mgd−1. Similarly, the av-
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erage bulk CH4 flux of 5 µmolm−2 d−1 derived from
near-surface CH4 concentrations and the k relationship of
Prytherch and Yelland (2021) corresponds to 36.1 Mgd−1

for the CAO area. The annual cycle of Arctic Ocean surface
CH4 is much less well known than for CO2, in particular the
origin of the dissolved CH4 driving the observed fluxes. As
such the extrapolation of our observations and bulk estimates
to annual fluxes (9.2 and 13.2 Ggyr−1, respectively) is also
highly uncertain. Both the directly observed and bulk-flux-
derived annual estimates are likely to be high estimates due
to the higher SIC and minimal release of CH4 from within
sea ice during winter.

Stratification of near-surface waters by freshening from
meltwater may reduce air–sea gas flux by both reducing the
turbulent mixing below the interfacial layer, dampening the
gas transfer velocity, and by impeding the replenishment
of the equilibrating surface waters from the bulk water be-
low, reducing the concentration difference that drives the ex-
change. Suppression of turbulent mixing may contribute to
the observed difference between chamber and bulk fluxes;
however, the surface layer freshwater stratification apparent
in surface layers did not coincide with CH4 stratification
(Fig. 5).

Both the direct chamber CH4 fluxes and bulk CH4 fluxes
are of similar magnitude to previously reported flux estimates
derived from seawater CH4 measurements in summer and
winter at more southerly Arctic marine locations (e.g. Loren-
son et al., 2016; Manning et al., 2020, 2022; Fenwick et al.,
2017; Silyakova et al., 2022) but are approximately 35 times
smaller than aircraft-based observations of fluxes from win-
tertime leads over the western CAO’s Canada Basin, south
of 82◦ N (Kort et al., 2012). This suggests a strong seasonal
dependence of CAO CH4 flux or that the aircraft-based mea-
surements of large fluxes represent episodic rather than typi-
cal widespread emissions or erroneous measurements. If we
assume that the fluxes reported by Kort et al. (2012) are more
typical of the Canada Basin and distinct from our primarily
Amundsen Basin study area, this suggests a much higher net
annual CH4 flux from the CAO of up to ∼ 0.1 Tgyr−1. The
CAO has a mean depth > 2700 m (Jakobsson, 2002), mean-
ing any CH4 emissions must be from near-surface production
or long-range transport of dissolved CH4; seafloor sources
are too deep to significantly affect the surface pCH4w in the
CAO.

5 Conclusions

The direct flux and gas transfer measurements presented in
this study offer insights into the role of the CAO in atmo-
spheric exchange of climate forcing trace gases, informing
future climate modelling and carbon budget analysis. They
provide a measurement-based constraint on the magnitude
of the CAO CO2 flux, with the observed CAO CO2 flux
in agreement with the observation-based estimates of Bates

et al. (2006) and Yasunaka et al. (2018) and an order of
magnitude greater than the coupled ocean–biogeochemistry
model estimate of Manizza et al. (2019). For CH4, the direct-
measurement-based constraints determined here show that
the CAO is a very small additional contributor to the Arctic
Ocean CH4 flux in summer, with the mean CAO CH4 flux of
25.3 Mgd−1 comprising approximately 0.002 of the estimate
of integrated Arctic marine CH4 emissions of 4–5 Tgyr−1

(Thornton et al., 2016a, b, 2020) if that estimate is assumed
to be evenly distributed over the year. Arctic marine CH4
emissions are dominated by the shallow coastal shelf emis-
sions.

While the observed gas transfer velocities had a similar,
if weakly correlated, wind speed dependence to that of Pry-
therch and Yelland (2021), the wind speed dependence of the
ice-based measurements, free from any influence of Oden on
the exchange rate, was much weaker. The measurements re-
ported here, from pack ice regions with small water surfaces,
could be appropriately represented with a constant k660 of
2.5 cmh−1 instead of a relationship directly or indirectly (i.e.
wave- or turbulence-based) dependent on wind speed. In ar-
eas such as the marginal ice zone with mixed sea ice and
water and larger fetches, the direct and indirect influence of
wind on interfacial mixing will be greater and gas exchange
should be represented using a parameterisation incorporating
wind speed such as Prytherch and Yelland (2021).
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