
Ocean Sci., 22, 1781–1792, 2026
https://doi.org/10.5194/os-22-1781-2026
© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

Sea ice melt drives vertical pCO2 variability modulating
air–sea gas exchange
Henry C. Henson1,2, Dorte H. Søgaard2,3,7, Bjarne Jensen6, Kunuk Lennert4, Tim Papakyriakou5, Mikael K. Sejr1,2,
Jakob Sievers6, Søren Rysgaard2,7, and Lise Lotte Sørensen2,6

1Department of Ecoscience, Aarhus University, Aarhus, 8000, Denmark
2Arctic Research Center, Aarhus University, Aarhus, 8000, Denmark
3Greenland Climate Research Cluster, Greenland Institute of Natural Resources, Nuuk, 3900, Greenland, Denmark
4UiT, The Arctic University of Norway, Tromsø, 9037, Norway
5Centre for Earth Observation Science, University of Manitoba, Winnipeg, MB, R3T 2N2, Canada
6Department of Environmental science, Aarhus University, Roskilde, 4000, Denmark
7Department of Biology, Center for Ice-free Arctic Research, Aarhus University, Aarhus, 8000, Denmark

Correspondence: Henry C. Henson (hch@ecos.au.dk)

Received: 29 October 2025 – Discussion started: 7 November 2025
Revised: 20 May 2026 – Accepted: 21 May 2026 – Published: 3 June 2026

Abstract. Strong spatial and temporal gradients in salin-
ity, temperature, and carbonate chemistry in Arctic coastal
surface waters complicate the estimation of air-sea carbon
dioxide (CO2) exchange, particularly during sea ice breakup.
The present study evaluates the applicability of the widely
used bulk flux model under such conditions. This approach
assumes homogeneous surface conditions and no vertical
pCO2 gradients in the bulk seawater. However, our obser-
vations in a stratified Arctic fjord reveal pronounced vertical
variability in pCO2 within the upper water column, includ-
ing non-linear gradients near the air-sea interface. This re-
sults in, widely varying flux estimates depending upon the
depth of the pCO2 measurement used to establish air-sea
disequilibrium. Importantly, similarly structured nonlinear
pCO2 profiles were observed across distinct fjord systems
and years, suggesting that this vertical heterogeneity may be
a characteristic feature of Arctic stratification during sea ice
breakup. We recommend incorporating both micrometeoro-
logical techniques and high-resolution vertical profiling in
Arctic fjords to improve flux estimates of CO2 in this rapidly
changing region.

Key points.

– Spring melting of sea ice and snow introduces distinct het-
erogeneity in surface water conditions within coastal Arctic
oceans.

– Standard bulk parameterizations for air-sea CO2 flux calcula-
tions, based on subsurface pCO2 measurements, may misrep-
resent flux magnitude during melt periods.

– Vertical near-surface CO2 and temperature gradients must be
considered to improve flux estimates in stratified Arctic fjords.

1 Introduction

High latitude coastal oceans are strong sinks for atmospheric
carbon dioxide (CO2), absorbing more CO2 per unit area
than lower latitude regions (Dai et al., 2022; Roobaert et al.,
2019). This strong uptake results from both the high solu-
bility of gases in cold water and the intense biological ac-
tivity typical of these regions. However, climate change is
rapidly transforming this carbon sink. The Arctic is warm-
ing more than twice as fast as the global average, and sea
ice extent has been shrinking by over 13 % per decade (Per-
ovich et al., 2020). The loss of sea ice increases CO2 uptake
by exposing larger areas of open water for longer periods,
which can further stimulate biological productivity (Arrigo
and van Dijken, 2015; Bates and Mathis, 2009; Perovich et
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al., 2020). However, at the same time, melting sea ice fresh-
ens the surface layer and strengthens stratification, limiting
vertical mixing with deeper water. Freshwater from melting
sea ice and terrestrial run-off creates pronounced gradients in
physical properties such as salinity and temperature, as well
as chemical properties like dissolved inorganic carbon (DIC)
and total alkalinity (TA) (e.g. Henson et al., 2025a). As a re-
sult, the partial pressure of CO2 (pCO2) can vary markedly
with depth under melt conditions (Miller et al., 2019).

This vertical variability in pCO2 poses a challenge for air-
sea CO2 flux estimation. The transfer of gases between the at-
mosphere and ocean depends on the difference in concentra-
tion between the two as well as the efficiency of the transfer
process. Therefore, the bulk flux of CO2 across the air-sea in-
terface is commonly described as the product of the gas trans-
fer velocity, k (ms1), CO2 solubility s (molkg−1 atm−1), and
the partial pressure gradient (µatm) across the air-sea inter-
face (Wanninkhof et al., 2009):

F = ks(pCO2sea −pCO2air) (1)

While widely applied, this formulation simplifies a com-
plex process influenced by surfactants on the water sur-
face, bubble-mediated gas exchange, and turbulence (Wan-
ninkhof et al., 2009). Furthermore, surface water heterogene-
ity, driven by sea ice melt and freshwater runoff from land,
complicates the physical and chemical processes governing
air-sea CO2 exchange. As a result, simplified parameteriza-
tions commonly used in global carbon flux estimates may be
inadequate in these settings.

In most studies, pCO2 is measured several meters be-
low the surface, assuming vertical homogeneity under well-
mixed conditions (Jørgensen et al., 2020). However, in strat-
ified waters, where temperature, salinity, and pH can vary
with depth, this assumption may lead to substantial errors
in flux estimates (Ahmed et al., 2020; Dong et al., 2021;
Miller et al., 2019; Watts et al., 2022). In this study, we dis-
tinguish between the air-sea interface, the near-surface fresh-
water lens (approximately the upper 0–0.5 m), and subsur-
face bulk waters (> 1 m depth), as these layers may exhibit
substantially different physical and carbonate chemistry con-
ditions during sea ice melt. Previous work in Young Sound
demonstrated that snow and sea ice melt can substantially
reduce under-ice pCO2 through dilution and enhanced strat-
ification during the melt season (Verdugo et al., 2025). How-
ever, these observations were conducted at a fixed depth be-
low the ice, leaving unresolved how pCO2 variability evolves
vertically during sea ice breakup.

Although Arctic surface waters are often undersaturated
with respect to atmospheric CO2 levels and act as CO2 sinks
(e.g. Burgers et al., 2017; Dai et al., 2022; Henson et al.,
2024; Laruelle et al., 2014; Roobaert et al., 2019), such as-
sessments typically rely on sparse data collected from 0.5–
5 m depth during limited periods. Dong et al. (2021) illus-
trate that high latitude fluxes of CO2 calculated using the bulk
method (based on measurements sampled at 6 m depth) differ

Figure 1. Schematic illustrating the interface between the air and
the water in conjunction with pCO2 concentration gradients. In
Eq. (1), the concentration gradient is assumed to occur in the dif-
fusive layer between the air and water, and the concentrations are
assumed to be vertically constant in the turbulent layers (Adapted
from Liss and Slater, 1974; Wanninkhof et al., 2009).

significantly from those measured using direct eddy covari-
ance in sea ice melt regions.

Gas transfer velocity (k) is often parameterized as a func-
tion of wind speed. However, the true driver is mixing in the
surface waters, which governs k. Fick’s first law of diffusion,
which underlies Eq. (1), assumes a linear concentration gra-
dient within the diffusive sublayer (Fig. 1) and steady-state
conditions (Garbe et al., 2014). Jørgensen et al. (2020) ar-
gued that, due to seawater’s high buffer capacity, chemical
gradients do not significantly affect CO2 equilibration, sup-
porting the use of measurements at 3–4 m depth. However,
this conclusion relies on the assumption of horizontal and
vertical homogeneity and neglects the effects of shallow sur-
face stratification, particularly when alkalinity dilution is in-
volved.

In Arctic spring, the upper ocean is often strongly stratified
due to freshwater input from glacier melt, snowmelt, river
runoff, and sea ice meltwater (Ahmed et al., 2020; Granskog
et al., 2011; Meire et al., 2017; Miller et al., 2019). These in-
puts can extend vertical CO2 gradients beyond the diffusive
sublayer, complicating flux estimates during ice breakup and
early open-water periods. Several studies have demonstrated
strong vertical heterogeneity in pCO2 in Arctic coastal wa-
ters, with implications for air-sea flux calculations (Ahmed
et al., 2020; Dong et al., 2021; Miller et al., 2019).

Surface freshening from ice melt and runoff strongly in-
fluences carbonate chemistry in Arctic coastal waters, which
can either suppress or enhance oceanic CO2 uptake. For ex-
ample, Burgers et al. (2017) reported large horizontal vari-
ability in surface pCO2 (144–364 µatm) linked to riverine
input in the Eastern Canadian Arctic. Similarly, Sejr et al.
(2011) observed strong surface pCO2 gradients associated
with salinity and temperature in Young Sound, and later doc-
umented a long-term decline in surface salinity (Sejr et al.,
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2017). Freshwater-induced stratification has also been shown
to create vertical gradients in pCO2 and pH with important
implications for flux calculations (Miller et al., 2019). Fi-
nally, Bates et al. (2014) demonstrated that sea ice meltwater
and melt ponds exhibit extreme variability in pCO2 (< 10 to
> 1500 µatm) and pH (6.1 to > 10.8), highlighting the com-
plex chemical landscape of ice-influenced waters. Together,
these studies underscore the high spatial and temporal vari-
ability of carbonate chemistry in freshened waters across the
Arctic.

To project future CO2 uptake or outgassing in the Arctic,
we must better understand the physical and chemical drivers
of near-surface carbonate variability. In this study, we inves-
tigate the vertical and temporal variations in pCO2 in a strati-
fied Arctic fjord during sea ice breakup. By examining water-
column pCO2 profiles across the transition from ice-covered
to open water, we evaluate usage of the bulk flux model under
Arctic seasonal transitions.

2 Study Site and Measurement Methods

2.1 Study Site

This study was conducted in Young Sound, a high Arc-
tic fjord system located near the Daneborg Research Sta-
tion in Northeast Greenland (Fig. 2). The fjord system com-
prises the Tyrolerfjord (inner fjord) and Young Sound (outer
fjord), extending approximately 90 km from Tyroler River
to the Greenland Sea. A sill at about 45 m depth separates
Young Sound from the open ocean. Young Sound is 2 to 7 km
wide, with an average depth of 100 m (maximum 350 m), and
a total surface area of ∼ 390 km2. Tidal amplitudes range
from 0.8 to 1.5 m, with mean current velocities of approx-
imately 2 cms−1 (Rysgaard et al., 2003). Freshwater inputs
are primarily derived from Greenland Ice Sheet runoff, local
glaciers, precipitation, and snowmelt from adjacent ice-free
terrain. The drainage basin of the Tyrolerfjord-Young Sound
system spans 2846 km2, of which 33 % is glaciated.

Sampling was conducted from 12 to 31 July 2017. Sam-
pling occurred during and immediately after a period of sea
ice breakup. On 15 July, ice coverage was approximately
30 %, decreasing to less than 10 % by 16 July. Water sam-
pling was conducted both from an inflatable boat and via sea
ice leads, all in close proximity to the Greenland Ecosystem
Monitoring (GEM) program’s standard station (Fig. 2).

2.2 pCO2 Measurements Using the HydroC Sensor

Surface water pCO2 was measured with a CONTROS®

HydroC CO2 sensor, which utilizes a membrane equilibra-
tor coupled with a non-dispersive infrared detector (Hen-
son et al., 2025b). The instrument is equipped with a built-
in water pump that provides flow rate of 35 mLs−1 across
the membrane. At each sampling depth, the sensor was
allowed to equilibrate for 10 to 20 min, and values were

recorded once stable for at least 2 min. The sensor oper-
ates over a range of 200–1000 µatm and temperatures of
−2 to 35 °C. Annual calibration has been conducted us-
ing a certified 400± 2 % ppmCO2 gas that was traceable
to WMO standards. The sensor showed remarkable stabil-
ity (397–401 ppm), supporting a measurement uncertainty of
±2 µatm.

2.3 pCO2 Estimation from TA and DIC

In addition to direct measurements, pCO2 was calculated
from total alkalinity (TA) and dissolved inorganic carbon
(DIC) using the Seacarb package (Gattuso et al., 2021) in R.
Due to the low salinity and cold temperatures characteristic
of Arctic coastal waters, no universally accepted set of equi-
librium constants (K1 and K2) exists. For consistency with
previous studies in the region (Henson et al., 2023), we used
the refitted constants from Lueker et al. (2000). The selec-
tion of equilibrium constants introduces assumptions regard-
ing seawater composition. Raimondi et al. (2019) showed
that different constants can lead to discrepancies between
measured and calculated pCO2 values, ranging from −3.1
to −35.8 µatm, with Lueker et al. (2000) demonstrating the
best internal consistency under polar conditions. Still, Sulpis
et al. (2020) found that the calculation of pCO2 from DIC
and TA can lead to uncertainty up to 15 % under cold con-
ditions, which is far greater than when pCO2 is measured
directly.

2.4 Sea Ice TA and DIC Sampling

TA and DIC in sea ice were assessed using three ice cores.
Each core was sectioned into 5–10 cm segments and sealed
in gas-tight NEN/PE bags with sampling valves (Hansen et
al., 2000). Samples were transported in thermally insulated
boxes to a nearby field laboratory. Cold (1 °C) deionized wa-
ter of known mass and carbonate composition (10–30 mL)
was added to each bag, which was then resealed after remov-
ing air and weighted.

The samples were melted in the dark over ∼ 48 h. Melt-
water was transferred to 12 mL Exetainer vials (Labco, UK)
pre-dosed with 20 µL of saturated HgCl2 solution (5 % w/v)
to prevent microbial alteration. DIC was measured by on
Apollo SciTech®’s AS-C3 analyzer while TA was deter-
mined via potentiometric titration on an Apollo SciTech AS-
ALK2 total alkalinity titrator (Haraldsson et al., 1997).

2.5 Physical Parameters

Vertical profiles of conductivity, temperature, and depth
(CTD) were obtained using a Seabird® SBE19plus CTD. On
16 July 2017, additional surface conductivity measurements
were taken using a Thermo Orion-Star® instrument with an
Orion 013610MD conductivity cell. Surface water tempera-
tures were independently measured with a Testo® thermome-
ter.

https://doi.org/10.5194/os-22-1781-2026 Ocean Sci., 22, 1781–1792, 2026



1784 H. C. Henson et al.: Sea ice melt drives vertical pCO2 variability modulating air–sea gas exchange

Figure 2. Map of Greenland and the sampling area at the coast of Young Sound in Northeast Greenland. The red circle indicates the
location of the micrometeorological measurement tower at research station Daneborg while the marine sampling site (Standard Station in the
Greenland Ecosystem Monitoring program) is indicated as a blue circle (74.310, −20.300). Three Copernicus Sentinel true-color images of
the fjord on 12, 22, and 31 July illustrate the transition between sea ice cover and open water.

2.6 Historical Data

For contextual comparison, pCO2 time series data (Green-
land Ecosystem Monitoring, 2020) from the Greenland
Ecosystem Monitoring program are also included in the anal-
ysis. pCO2 data from 2007–2023 was measured using the
same HydroC CO2 sensor in August each year.

2.7 Eddy Covariance

Sensible and latent heat fluxes were estimated using mi-
crometeorological instrumentation mounted on a 3 m mast
positioned approximately 0.5 m from the waterline. Three-

dimensional wind vectors were recorded using a METEK®

uSonic-Scientific sonic anemometer. To enhance reliability,
we applied complementary analysis techniques for flux es-
timation: (1) the standard eddy covariance (EC) method us-
ing EddyPro software (Version 7.0.6, LI-COR Inc., 2019);
(2) the ogive optimization method (OGM) (Sievers et al.,
2015). Among these, the OGM was deemed most robust due
to its ability identify and filter out low-frequency noise, sen-
sor dampening, and large-scale turbulent motions that can
bias flux measurements. These issues often introduce large
relative bias associated with flux measurement over Arctic
marine surfaces (Sievers et al., 2015). OGM’s superior abil-
ity to isolate relevant turbulent scales and reduce contamina-
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tion from mesoscale variability is based on the accumulation
and modelling of each cospectra over each 20 min averaging
period (Figs. S1 and S2 in the Supplement). Uncertainty in
sensible and latent heat fluxes was estimated directly from
the OGM procedure. The reported values correspond to the
standard error associated with the fitted ogive tail and reflect
random uncertainty in flux integration.

3 Data and results

Vertical profiles of surface water pCO2 were measured using
the CONTROS® HydroC CO2 sensor across three distinct
periods in July 2017 (Fig. 3a–c). Each observational period
corresponded to different sea ice conditions: before, during
and after sea ice breakup (Fig. 2). These high-resolution pro-
files revealed substantial vertical variability within the upper
2 to 3 m of the water column. Under ice-covered conditions,
pCO2 measurements were taken through an open melt pond.
At this time, elevated CO2 concentrations were observed at
the very surface (0.1 m), followed by a sharp decrease to ap-
proximately 1 m depth, coinciding with the ice-water inter-
face. Below this depth, pCO2 increased again, though re-
mained well below atmospheric concentrations (Fig. 3a).

During the period of sea ice breakup, when ice coverage
ranged from approximately 30 % to 10 %, the vertical dis-
tribution of pCO2 exhibited a similar structure. Concentra-
tions were highest near the surface, declined to a local min-
imum at 1 to 2 m, and then stabilized below 3 m (Fig. 3b).
Following the complete breakup of sea ice, pCO2 showed a
more gradual decrease from the surface down to about 3 m,
beneath which concentrations remained relatively constant
(Fig. 3c). Across all three observational periods, a shallow
surface layer approximately 5 m thick was identified, within
which most of the pCO2 variability occurred. Below this
depth, pCO2 remained relatively constant.

These vertical structures are consistent with strong phys-
ical stratification, likely driven by freshwater input from
glacial melt and surface heating. Temperature and salinity
profiles collected concurrently support the presence of sharp
vertical gradients in the upper water column, with salinity
ranging from 1.4 to 29.6 PSU and temperature from −0.4
to 6.2 °C. These physical profiles, shown in Fig. 4, confirm
that vertical mixing was strongly suppressed during the ob-
servational period. The small tides present in Young Sound,
combined with the continued input of freshwater from first
sea ice and then glacial melt, lead to a fjord system with dis-
tinct surface stratification throughout the months of July and
August.

Measurements from a different fjord (Henson et al.,
2025b) in East Greenland on 4 June 2025, revealed strik-
ingly similar vertical pCO2 heterogeneity (Fig. 5). Elevated
pCO2 at 0.1 m decreased to a minimum around 1–1.5 m be-
fore increasing again and stabilizing near 3 m depth. Extreme
stratification in the upper few meters caused pCO2 levels in

Figure 3. Measured Young Sound pCO2 profiles (a) prior to sea
ice breakup (measured through open melt pond), (b) during sea ice
breakup and (c) after sea ice break up measured through CO2 equi-
libration and calculation from carbonate chemistry parameters (DIC
& TA).

each profile to vary by more than 100 µatm between the sur-
face and 1 m. This repeated observation of similarly struc-
tured nonlinear pCO2 profiles, measured 8 years later and
in a different fjord system, suggests that this heterogeneity
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Figure 4. Measured Young Sound profiles of under-ice water and open water salinity and temperature.

is not an isolated phenomenon. Instead, these C-shaped ver-
tical pCO2 distributions may represent a characteristic re-
sponse of strongly stratified Arctic surface waters during sea
ice breakup. Indeed, Arctic surface stratification during sea
ice breakup induces chemical changes that may influence the
way we estimate air-sea exchange of CO2.

4 Discussion

Air-sea CO2 fluxes in Arctic coastal areas are generally es-
timated using bulk parameterization models (Henson et al.,
2024; Meire et al., 2015; Roobaert et al., 2019; Sejr et al.,
2011). These models rely on several key assumptions, includ-
ing unstratified surface conditions, a linear pCO2 gradient
within the diffusive boundary layer, and a vertically uniform
pCO2 profile within the mixed layer. Our observations chal-
lenge the applicability of these assumptions in Arctic coastal
waters in several important ways. We observe distinct verti-
cal heterogeneity in both physical and chemical parameters,
which leads to distinct differences in flux estimates based on
the depth of the measurements used.

4.1 Stratified conditions in the marine CO2 system

Vertical pCO2 profiles collected during July 2017 revealed
pronounced non-linear behavior in the upper 3 to 5 m of the
water column (Fig. 3). This directly contradicts the assump-
tion that the 1pCO2 accurately represents the difference be-
tween the atmosphere and the “well-mixed bulk fluid” be-
low the diffusive layer (Wanninkhof et al., 2009). Under ice-
covered conditions, the lowest pCO2 values (∼ 150 ppm)
were consistently observed just beneath the sea ice, with
concentrations increasing with depth and stabilizing around
5 m (Fig. 3a). During the ice breakup stage, a similar pat-
tern emerged, although the minimum pCO2 was higher
(∼ 250 ppm).

More recent measurements from Tasiilaq Bay in June 2025
demonstrate very similar vertical pCO2 profiles. Indeed, 4
high-resolution profiles with measurements every 0.25 m re-
veal the same C-shaped pCO2 variation. Like in Young
Sound, the most elevated pCO2 levels were observed near
the surface, and pCO2 minima occurred near 1–2 m depth
before increasing and becoming stable. This repeated obser-
vation in a different fjord system, but during the period of
sea ice breakup indicates this vertical variability may be rep-
resentative during stratified Arctic conditions.

Several interacting processes influence surface water
chemistry during ice breakup. Low surface water pCO2 val-
ues reflect the influence of low-salinity meltwater from snow
and sea ice or glacial meltwater found in freshened Arctic
waters (Geilfus et al., 2015; Henson et al., 2025a). However,
surface water chemistry during the ice breakup period is fur-
ther complicated by processes such as ikaite (CaCO3 ·6H2O)
dissolution (Miller et al., 2011; Rysgaard et al., 2013; Sø-
gaard et al., 2013) and high under-ice primary production
(Søgaard et al., 2021; Verdugo et al., 2025). Additionally,
snowmelt, characterized by low pH and ionic strength (de
Caritat et al., 2005), may further alter carbonate system dy-
namics in the upper water column.

Two mechanisms may explain the nonlinear C-shaped
trend in pCO2 observed in the top few meters. First, as
demonstrated by Henson et al. (2025a) mixing between
glacial meltwater and seawater can result in nonlinear behav-
ior in pCO2, even when DIC and TA mix conservatively. In
such cases, initial freshwater dilution leads to dramatically
reduced pCO2, but at very low salinities, the diminished
buffering capacity can cause acidification to occur and pCO2
to increase again. In fact, Henson et al. (2025a) present a U-
shaped pCO2 curve along a salinity gradient that appears ex-
traordinarily similar to the C-shaped pCO2 curve we observe
with depth. Indeed, the salinity gradient created in their mix-
ing experiments can be observed vertically in the highly strat-
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Figure 5. Measured pCO2 (a) and salinity (b) profiles at 4 locations in Tasiilaq Bay. Profiles were measured on 4 June 2025 during the
period of sea ice breakup following the method in Sejr et al. (2011).

ified surface waters during sea ice breakup (Figs. 3a and 5a).
Although, Henson et al. (2025a) focused on the influence of
glacial meltwater, our results suggest similar processes could
occur in systems influenced by sea ice and snowmelt.

Both glacial meltwater and sea ice have low DIC concen-
trations and act to dilute the inorganic carbon of the surface
ocean (Fig. S4). However, changes in alkalinity can also im-
pact the buffering capacity of the water mixture, leading to
nonlinear effects. If the meltwater has a lower TA :DIC ra-
tio than seawater, due to the absence of ikaite, acidification
and a shift in carbonate equilibria at very low salinities could
lead to higher pCO2 values at the surface. During July 2017,
Young Sound showed both diluted DIC and TA levels in up-
per few meters, suggesting pH change during sea ice break up
could occur more easily (Fig. S4). Indeed, calculated pH pro-
files indicated variable surface conditions between periods of
sea ice cover and sea ice breakup (Fig. S5). In this very fresh
surface layer, diminished pH may elevate pCO2 relative to
waters around 1 m depth, where freshwater-seawater mixing
ratios are more moderate and seawater buffering leads to very
low CO2 concentrations.

A second, but less likely, explanation involves atmo-
spheric equilibration of sea ice melt ponds before draining
into open leads. The relatively elevated pCO2 observed at
∼ 0.1 m depth could reflect such partial equilibration. While
chamber-based studies (e.g. Geilfus et al., 2012, 2015; No-
mura et al., 2010; Semiletov et al., 2004) have demon-
strated both uptake and efflux of CO2 in melt ponds, equi-
librium times between melt-pond water and atmosphere de-
pend upon pond depth, wind speed, and carbonate chem-
istry. For example, a 0.1 m deep pond under low wind con-
ditions (∼ 2 ms−1) may reach atmospheric equilibrium in
1–4 d. However, in our case, pCO2 values calculated from
TA and DIC in melt ponds did not indicate equilibrium with

the atmosphere, making this explanation less likely than the
freshwater mixing mechanism. Furthermore, Verdugo et al.
(2025) demonstrate that melt pond drainage in Young Sound
was responsible for reducing pCO2 levels. Though this is
conclusion relies on measurements from 2.5 m depth. Never-
theless, atmospheric equilibration may play a role after the
sea ice barrier is removed. Elevated pCO2 levels at the sur-
face (0.1 m) post sea ice breakup may result from the com-
bination of the chemical changes described above, heating
from solar radiation, and from atmospheric CO2 uptake (par-
tial equilibration) in the limited volume of this freshwater
lens.

As melt progresses and sea ice recedes, riverine input
and vertical mixing become more influential. Yet even af-
ter ice breakup, surface waters often remain fresh due to
glacial meltwater runoff, and the resulting low salinities help
maintain stratification. In August 2017, vertical structure re-
mained pronounced even after sea ice breakup, with elevated
pCO2 at 0.1 m which stabilized below∼ 3 m. In other words,
near-surface conditions remained decoupled from deeper wa-
ters. This persistent shallow layer, characterized by low salin-
ity, higher temperature, and elevated pCO2, suppresses gas
exchange with the colder, more undersaturated water below,
consistent with observations by Dong et al. (2021). In such
environments, bulk flux models that assume homogeneity
and linear gradients are likely to yield biased or inaccurate
estimates.

To place these 2017 measurements in historical context,
we examined long-term surface water pCO2 data collected
at 0.5–1 m depth by the Greenland Ecosystem Monitoring
(GEM) program between 2007 and 2023. These data, mea-
sured using consistent protocols, are presented in Fig. 6
alongside our open-water profiles. Over the 17-year record,
August pCO2 concentrations at ∼ 1 m depth had ranged
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Figure 6. Measured Young Sound pCO2 profile after ice break up
in 2017 compared with historical variation in pCO2 at 1 m depth in
the same location.

from 220 to 408 µatm and had consistently remained below
atmospheric levels. This apparent stability has contributed
to the perception of sustained CO2 uptake throughout the
summer season. However, the high-resolution vertical pro-
files obtained during the 2017 field campaign add nuance
to this assumption. Elevated pCO2 levels confined to the
uppermost meter of the water column may go undetected
in standard monitoring approaches that rely on fixed-depth
sampling. These results suggest that the dynamic changes
during sea ice melt can induce episodes of slowed uptake,
air-sea equilibrium, or CO2 outgassing. Consequently, exist-
ing sampling protocols may underestimate surface variabil-
ity and bias flux estimates, especially in stratified conditions
where near-surface chemistry is decoupled from subsurface
layers.

4.2 Influence of surface stratification on fluxes

To assess how bulk models function when estimating CO2
fluxes in an Arctic fjord influenced by sea ice and snow melt,
we calculated fluxes using seawater pCO2 measurements
from multiple depths and two gas transfer velocity parame-
terizations. Specifically, we computed fluxes throughout July
using pCO2 measured at 0.1, 1, 2, and 4 m. To estimate the
surface (interface) pCO2 at 0 m, we adjusted the 1 m pCO2
measurements to a derived skin temperature (Table 1), esti-
mated from sensible heat fluxes (Fig. S6) following the pa-
rameterization of Smedman et al. (2007). Accounting for this
skin layer correction is critical, as Woolf et al. (2016) demon-
strated that neglecting the thermal skin and relying only on
bulk sea surface temperature can introduce significant errors
in flux estimates.

The resulting calculations (Table 1) show that estimated
CO2 fluxes vary significantly depending on the depth of the

pCO2 measurement. Notably, fluxes derived from 0.1 m dif-
fer markedly from those based on deeper values. Since many
studies rely on pCO2 measured at a fixed depth (often at 1 m
or at a ship’s seawater intake below 5 m), these results under-
score the potential for misrepresentation of flux magnitude
and direction due to vertical heterogeneity in surface water
chemistry.

Measurements from both Young Sound and Tasiilaq
demonstrate that during sea ice breakup, pCO2 levels are
most elevated at the surface. This may be linked to acidifi-
cation of the most freshened 0.5 m and a shift in the marine
carbonate system, or partial equilibration due to air-sea gas
transfer. If this acidified freshwater lens warms, for instance,
due to solar radiation, pCO2 may rise leading to oversatu-
ration relative to atmospheric concentrations. Indeed, when
pCO2 measurements on 31 July were corrected for skin tem-
perature, to estimate pCO2 at the boundary layer, they sug-
gested a transition from undersaturation to oversaturation
(Table 1). While we did not directly observe this oversatu-
ration in the vertical profiles, this likely reflects the inability
to sample at the sea surface. Nevertheless, the occurrence of
stratification-related vertical pCO2 heterogeneity, with lev-
els most elevated at the surface, will slow air-sea gas transfer
compared to when conditions are well mixed. Meanwhile,
warming or acidification of the thin surface layer may peri-
odically induce a reversal of flux direction, as seen in some
micrometeorological studies in Arctic coastal environments
during sea ice breakup (e.g. Butterworth et al., 2025).

Overall, these findings echo those of Miller et al. (2019),
who reported pronounced spatial heterogeneity in Arctic
coastal pCO2 and large differences in estimated fluxes de-
pending on the sampling depth. The broader implications of
this heterogeneity for seasonal or regional flux estimates re-
main unclear. However, if fluxes are upscaled from sparse,
single-point measurements (e.g., once per month, as in Laru-
elle et al., 2014), substantial errors may result due to unrec-
ognized spatial and temporal variability. Thus, our results
emphasize the need for continuous, high-resolution obser-
vations of air-sea CO2 fluxes, particularly in Arctic coastal
systems affected by stratification and meltwater input. These
observations will be essential for refining flux parameter-
izations, reducing uncertainty in carbon budget estimates,
and improving the representation of Arctic shelf systems in
global carbon models.

5 Conclusions

During the summer thaw, carbon chemistry and pCO2 dy-
namics in Arctic coastal surface waters are significantly al-
tered by the combined effects of snow and sea ice melt,
terrestrial runoff, and biological activity. These influences
lead to substantial variability in surface temperature, pH, dis-
solved inorganic carbon (DIC), and total alkalinity (TA), ulti-
mately disrupting carbonate system equilibrium in the upper
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Table 1. CO2 fluxes calculated based on pCO2 measured at the different depth. The fluxes are calculated using the bulk model of Ho et al.
(2006) and Nightingale et al. (2000). We have used locally measured wind speeds for the calculations to match flux measurements captured
by eddy covariance.

Ho (2006) Nightingale (2000)

Date Depth Temperature Salinity pCO2 Wind Speed Flux Flux
(m) (°C) (psu) (µatm) (ms−1) (mmolCO2 m−2 d−1) (mmolCO2 m−2 d−1)

16 July 0.0 3.0a 23 252b 6.8 −14.88 −13.69
16 July 0.1 3.0 23 244 6.8 −15.78 −14.52
16 July 1.0 1.8 26 240 6.8 −16.12 −14.83
16 July 2.0 1.1 28 241 6.8 −15.93 −14.66
16 July 4.0 0.3 29 275 6.8 −12.19 −11.21

18 July 0.0 6.0a 7 262b 3.3 −3.45 −3.38
18 July 0.1 4.3 7 244 3.3 −3.98 −3.90
18 July 1.0 3.2 14 233 3.3 −4.20 −4.11
18 July 2.0 2.3 21 278 3.3 −2.86 −2.79
18 July 4.0 0.6 29 295 3.3 −2.34 −2.29

28 July 0.0 10.0a 15 415b 2.5 0.53 0.54
28 July 0.1 10.0 15 405 2.5 0.38 0.38
28 July 1.0 7.0 21 365 2.5 −0.22 −0.23
28 July 2.0 5.0 27 282 2.5 −1.43 −1.45
28 July 4.0 2.0 30 290 2.5 −1.32 −1.34

31 July 0.0 12.0a 15 401b 2.0 0.20 0.21
31 July 0.1 10.0 15 343 2.0 −0.36 −0.38
31 July 1.0 8.0 21 338 2.0 −0.40 −0.42
31 July 2.0 5.0 27 282 2.0 −0.92 −0.97
31 July 4.0 2.0 30 294 2.0 −0.81 −0.85

a Denotes skin temperatures derived from heat fluxes. b Denotes pCO2 values estimated from measurements at 1 m depth and adjusted to derived skin
temperatures.

water column. As a result, estimating air-sea CO2 fluxes us-
ing traditional bulk models becomes highly uncertain during
this period.

The sea ice breakup period, typically lasting 2–4 weeks,
represents a particularly dynamic and complex phase in the
annual cycle. Despite its brevity, this phase may have a dis-
proportionate influence on total summer CO2 uptake, given
that open-water conditions in high Arctic fjords are limited
to only 80–120 dyr−1 (Sejr et al., 2011).

Air-sea gas exchange rates depend not only on the pCO2
gradient between the atmosphere and surface water, but also
on rapid, nonlinear changes in surface water chemistry driven
by the composition and volume of meltwater and runoff. Ac-
curate flux estimation will therefore require knowledge of the
depth at which surface water pCO2 becomes vertically ho-
mogeneous, combined with gas exchange parameterizations
tailored to highly stratified and ice-affected conditions. Pro-
filing pCO2 in the upper water column is therefore essential
to identify this depth and to constrain surface flux estimates
reliably.

Several eddy covariance studies in other arctic environ-
ments report variable uptake and efflux of CO2 during the
sea ice breakup period (e.g. Butterworth et al., 2025). Build-

ing on these findings, our data provides the first step in un-
derstanding potential drivers behind this variability. Though,
proper quantification of the mechanisms driving nonlinear
pCO2 profiles and the resulting uncertainty of flux estimates
will require observations spanning the air-sea boundary. The
current lack of these datasets underscores the need for stud-
ies that integrate continuous, direct CO2 flux measurements
with detailed observations of surface water carbonate chem-
istry, atmospheric forcing, skin temperature, and turbulence
at the air-ice-water interface.

Such integrated measurements are critical to improving
our understanding of the drivers and net effect of sea ice
melt-driven changes on CO2 fluxes in Arctic coastal systems.
Ultimately, this knowledge is essential to accurately quantify
the seasonal and regional uptake of atmospheric CO2 in the
rapidly changing Arctic.

Data availability. Vertical profiles from both Greenlandic
fjords can be found in the Zenodo data repository at
https://doi.org/10.5281/zenodo.17471918 (Henson et al., 2025b).
Long-term data from the Greenland ecosystem monitoring program
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in Young sound can be accessed at https://doi.org/10.17897/A8J4-
AF12 (Greenland Ecosystem Monitoring, 2020).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/os-22-1781-2026-supplement.
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