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Abstract

The decline in Arctic summer sea ice alters air–sea gas exchange. Because the Arctic Ocean
accounts for 5%–14% of global oceanic carbon uptake, understanding how sea ice melt
impacts the ocean’s carbon sink capacity is central to constraining future fluxes. In this
study, we focus on Young Sound-Tyrolerfjord in Northeast Greenland to examine the
sea ice−ocean interaction during the transition from melt onset to melt pond drainage.
High-frequency measurements of partial pressure of CO2 (pCO2) and seawater physical
properties were taken 2.5 m below the sea ice. Our results reveal that pCO2 in the seawater
was undersaturated (248–354 µatm) compared to the atmosphere (401 µatm), showing
that the seawater has the potential to take up atmospheric CO2 as the sea ice breaks up.
The pCO2 undersaturation was attributed to dilution resulting from mixing meltwater
from snow and sea ice with the under-ice seawater. Additionally, the drainage of melt
pond water that had been in contact with the atmosphere into the under-ice seawater
further lowered pCO2. Melt pond drainage represents an initial connection between the
atmosphere and under-ice seawater through meter-thick sea ice during the summer thaw.
Our study demonstrates that snow and sea ice melt reduce pCO2 in under-ice seawater,
enhancing its potential for atmospheric CO2 uptake during sea ice breakup.

Keywords: under-ice pCO2; high-frequency pCO2 measurements; snow and sea ice melt-
water; Arctic

1. Introduction
Rapid Arctic warming has led to changes in summer sea ice extent, thickness, and

volume [1–6]. Since 1979, summer sea ice extent has declined by ~45% [7]. In September
2022, the average monthly extent was 4.87 million km2, among the lowest in the 44-year
satellite record [8]. The ice cover is now dominated by first-year ice, which is thinner and
more vulnerable to oceanic and atmospheric forcing than multi-year ice [9–11]. Because sea
ice limits atmosphere-ocean gas exchange [12], reduced sea ice extent can alter the pathways
of CO2 in Arctic waters. The Arctic carbon cycle is complex, as multiple interacting
processes can either increase or decrease CO2 concentrations in surface seawater, thereby
influencing air–sea CO2 exchange. For instance, it was recently shown that progressive
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loss of sea ice resulted in a CO2 increase in the Arctic Ocean, through enhanced sea-air
gas exchange and increasing sea surface temperature [13]. In contrast, thinner ice permits
more light penetration into the underlying seawater [14,15], stimulating under-ice primary
production and the associated drawdown of CO2, e.g., [16]. During sea ice melt, the input
of meltwater dilutes total alkalinity and dissolved inorganic carbon—thereby lowering the
partial pressure of CO2 (pCO2) in seawater, e.g., [17–19]. Meltwater also enhances the water
column stratification [20], which limits the vertical mixing of CO2-rich subsurface waters.
The combined influence of these physical, chemical, and biological processes determines
whether the Arctic surface waters act as a net CO2 sink or source during the melt season.

These physical, chemical, and biological interactions are particularly evident during
the seasonal freeze-melt cycles of sea ice, which influence the pCO2 in surface seawater [21].
During sea ice formation, brine rejection releases CO2-supersaturated brine into the water
column, raising surface seawater pCO2 [21,22]. Under-ice seawater mixing and heightened
local respiration from heterotrophic activity [21] can further amplify this increase. pCO2

commonly peaks its annual maximum in winter, although it does not necessarily exceed
atmospheric levels, e.g., [18,23]. Conversely, during sea ice melt, the inputs of CO2-depleted
meltwater [24], the potential for dissolution of ikaite crystals [25], and CO2 uptake by
algae [16,21,26] all contribute to lowering surface seawater pCO2. Melt ponds can further
influence under-ice seawater pCO2 [27]. As sea ice warms in spring, brine volume increases,
and melt pond water that has been in contact with the atmosphere drains through cracks
or brine channels in the ice [28] hereby affecting pCO2 in under-ice seawater [27].

The number of carbonate system measurements in the Arctic Ocean has grown signifi-
cantly in recent years [29]; however, high-frequency measurements of pCO2 in under-ice
seawater during the melt period remain limited. To date, only one such study has been
conducted, focused on a shallow coastal area in Svalbard [30]. This scarcity reflects the
logistical and environmental challenges of collecting high-frequency data in remote and
harsh Arctic environments. As Arctic warming continues and summer sea ice melt in-
tensifies, it becomes relevant to understand how melt-driven processes influence pCO2

dynamics in the seawater.
In this study, we investigate the role of snow and sea ice melt, melt pond water

drainage, seawater mixing, and primary production in driving pCO2 variability during the
summer thaw. Using a unique, high-frequency dataset of pCO2, salinity, and temperature
collected at 2.5 m below the snow-covered sea ice—complemented by carbonate chemistry
measurements in snow, sea ice, and seawater over a 30-day melt period—we provide new
insights into processes driving pCO2 reduction, which is crucial for understanding the CO2

uptake capacity of surface seawater after sea ice breaks up.

2. Regional Settings
The Young Sound-Tyrolerfjord (YS; 74◦ N) is a ca. 90 km long sill fjord located in

Northeast Greenland (Figure 1). The fjord is 2–7 km wide, covers 390 km2, and has a
mean depth of 100 m [31]. Landfast sea ice typically covers the fjord for 9–10 months
each year, from September/October to mid–July [31]. Seasonal sea ice formation and melt,
together with exchange with the coastal ocean, strongly modify seawater characteristics
in YS. During autumn and winter, brine rejection during sea ice formation contributes to
the mixing of the water column, whereas in spring and summer, sea ice melt promotes
stratification [32]. Freshwater runoff reaches the fjord from multiple catchments (total
area ~3100 km2) that include vegetated and non-vegetated terrain and land-terminating
glaciers [33], with the Zackenberg river being the dominant source and peaking in July [33].
In our study period, the river began discharging on 9 June, after the onset of the sea ice
and snow melt. Melt ponds—mixtures of snow and sea ice meltwater—also freshen the
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surface layer and lower salinity, e.g., [24]. The fjord has a tidal regime governed by the M2
constituent, and a tidal range that varies between 0.8 and 1.5 m [31]. A shallow sill (50 m)
at the fjord mouth limits exchange of deep waters between YS and the Greenland Sea.

Figure 1. (a) Study area in Young Sound-Tyrolerfjord, Northeast Greenland (74◦ N, 20◦ E), indicated
by the red box. (b) Satellite image from 16 June 2014 (Landsat 8), showcasing the fjord’s sea ice and
snow cover at the time of the field campaign. The blue dot on this image highlights the under-ice
sampling location of the CONTROS HydroC® CO2 and SBE37SM. The red diamond represents the
outlet location of Zackenberg river. (c,d) Time lapse photographs capturing onset of sea ice melt (9
June 2014) and the formation of melt ponds on the sea ice’s surface (18 June 2014).

3. Material and Methods
3.1. Sampling
3.1.1. Discrete CTD Profile Measurements

Seawater temperature and salinity throughout the water column were measured
through ice holes with a Temperature–Conductivity–Depth (CTD) Seabird SBE19+ (Sea-
Bird Scientific, Bellevue, Washington, USA) profiler in May and June 2014. Absolute
salinity (SA) and conservative temperature (CT) were computed using the state equation
TEOS-10 [34].

3.1.2. Continuous Measurements of SA, CT, and pCO2

SA and CT, as well as the partial pressure of CO2 (pCO2 in µatm), were measured con-
tinuously, at 0.2 Hz frequency, at roughly 2.5 m below the sea ice surface (Figure 1b) between
1 and 30 June 2014. The reported values represent the average of 15 consecutive readings.
A Seabird SBE37SM was used for salinity and temperature, while a CONTROS HydroC®

CO2 (4H Jena Engineering, Jena, Germany) was used for the pCO2 measurements [35].
The measuring range of the sensor HydroC® CO2 is 100–1000 µatm, with a resolution
and initial accuracy of <1 µatm and ± 1% reading, respectively (https://www.4h-jena.de,
(accessed on 15 August 2023)). The accuracy of the Seabird SBE37SM is ± 0.003 mS cm−1

https://www.4h-jena.de
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for conductivity and ± 0.002 ◦C for temperature. Calibration of both instruments was
performed by their respective supplier before the fieldwork.

3.1.3. Water Isotopes

Oxygen and hydrogen stable isotopes (16O, 18O, 1H, 2H) in seawater were measured
at 1, 2.5, 10, 20, 30, 50, and 100 m depths using a Cavity Ringdown Spectrometer, L2130-I
Isotopic sH2O (Picarro Inc., Santa Clara, CA, USA). Isotope ratios are reported in δ notation
and expressed in per mil (‰) relative to Vienna Standard Ocean Water 2 (VSMOW2)
standard, following calibration to the VSMOW2-Standard Light Antarctic Precipitation 2
(SLAP2) scale:

δ2H =


2H
1H sample

2H
1H standard

− 1

× 1000‰ (1)

δ18O =


18O
16O sample

18O
16O standard

− 1

× 1000‰ (2)

Analytical precision was 0.01‰ for δ18O and 0.04‰ for δ2H, calculated as the standard
deviation from ten repeated measurements of two different standard materials measured
at the beginning and end of each sample set at the University of Manitoba, Winnipeg,
Canada. Salinity for each water sample was determined from conductivity (mS cm−1)
measured with a meter (Orion 3-star, Thermo Scientific, Waltham, MA, USA) coupled with
a conductivity cell (Orion 013610MD, Thermo Scientific) with a precision of ±0.1.

The δ18O—salinity method is commonly used to estimate the meteoric water contribu-
tion in the marine environment, e.g., [36–39]. In our study, δ18O values from melt ponds
and snow and sea ice meltwater were used as freshwater endmembers. To discern the
dominant meltwater source trough time, we computed the daily intercept (δ18O at SA = 0)
from a linear regression of δ18O over SA and compared it with (i) melt pond/snow/sea
ice endmembers [24] and (ii) δ18O of local meteoric precipitation in YS estimated with
Equation (3) [40]:

δ18O = −0.0051 × LAT2 + 0.1805 × LAT − 0.002 × ALT − 5.247 (3)

where LAT is the latitude (74◦ N) and ALT is the altitude of Daneborg station (44 m).
Sampling dates with similar potential meltwater sources were grouped based on the

visual examination of the intercepts resulting from the linear regression between the δ18O
and SA. The relationship between δ18O and δ2H was used to determine the origin of the
under-ice seawater during our study. Then, to assess whether the water mass originated
within the fjord or was advected from outside, we compared the δ18O/δ2H data with
established meteoric water lines, including the Arctic Meteoric Water Line (AMWL, δ2H
= 7.6 × δ18O − 1.8, [41]); the Global Meteoric Water Line (GMWL, δ2H = 8.0 × δ18O +
10, [42]); and the Lena River Meteoric Water Line (LRMWL, δ2H = 8.0 × δ18O + 6.2, [41]).

3.1.4. Chlorophyll-a and Nitrate Concentrations

Seawater samples for chlorophyll-a (Chl-a) analysis were collected from 11 to 23 June
2014 at 1 m below the ice cover. Samples were filtered using Whatman GF/C glass-fiber
filters and kept frozen in aluminum foil until analysis. At the field laboratory in Daneborg,
Greenland, the Chl-a was extracted in 10 mL of acetone at 4 ◦C for 16 h and measured using
a Turner Design TD700 fluorometer (Turner Designs, San Jose, CA, USA).

Nitrate (NO3
−) concentrations were determined from 50 mL seawater samples col-

lected between 11 and 23 June 2014. Samples were filtered using Whatman GF/C glass-fibre
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filters and kept frozen until analysis. NO3
− was measured using standard colorimetric

methods [43], with a 5-cm optical path in a Genesys 10 vis spectrophotometer (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). The detection limit was 0.15 µmol L−1.
Changes in NO3

− concentrations over time (∆NO3
−) were used to (i) estimate the carbon

uptake associated with primary production and (ii) to evaluate the potential role of biologi-
cal processes in lowering pCO2 in under-ice seawater. Assuming uptake occurred according
to the Redfield C:N ratio of 106:16 [44], ∆NO3

− values were multiplied by 6.625 to calculate
the corresponding dissolved inorganic carbon removal (∆DICpp). The cumulative ∆DICpp

over the study period was then used as a proxy for the total amount of carbon consumed
by primary producers.

3.1.5. Total Alkalinity and Dissolved Inorganic Carbon

The total alkalinity (TA) and dissolved inorganic carbon (DIC) samples were collected
between 2 and 24 June 2014 in under-ice seawater at 2.5 m. The samples were collected in
gas-tight vials (12 mL Exetainer, Labco High Wycombe, UK). To preserve the samples, a
12 µL solution of saturated mercury chloride was added, and the vials were subsequently
stored in the dark at room temperature until analysis.

TA was determined by Gran titration [45] using a TIM 840 titration system (Radiometer
Analytical, ATS Scientific, Burlington, Ontario, Canada). This system comprised a Ross
sure-flow combination pH glass electrode (Orion 8172BNWP, Thermo Scientific) and a
temperature probe (Radiometer Analytical, Lyon, France). Samples were titrated with a
standard 0.05 M HCl solution (Alfa Aesar, Haverhill, MA, USA). DIC was measured on a
DIC analyzer (Apollo SciTech, Newark, DE, USA). This analysis involved the acidification
of a 0.75 mL subsample with 1 mL 10% H3PO4 (Sigma-Aldrich, Saint-Louis, MO, USA),
and the subsequent quantification of the released CO2 with a nondispersive infrared CO2

analyzer (LI-COR, LI-7000, Lincoln, NE, USA). The results were then converted from µmol
L−1 to µmol kg−1 based on sample density, estimated from salinity and temperature at the
time of the analysis. Accuracies of ±3 and ±2 µmol kg−1 were determined for TA and DIC,
respectively, from routine analysis of certified reference materials (A.G. Dickson, Scripps
Institution of Oceanography, San Diego, CA, USA).

3.2. Data Analysis
3.2.1. Calculated pCO2 Based on TA and DIC

Seawater pCO2 (in µatm) was calculated by the CO2SYS program version 01.05 [46]
using the in situ temperature, salinity, TA, and DIC, coupled with the dissociation constants
from [47] refitted by [48]. These constants were chosen because previous studies in Arctic
waters showed a good alignment with both measured and calculated values [49,50]. The
pCO2 in Zackenberg river was calculated by the same program, using the TA and pH (NBS
scale) collected by the Greenland Ecosystem Monitoring program (GEM) on 4 June 2014
(http://data.g-e-m.dk, (accessed on 4 September 2023)).

3.2.2. Estimates of Fraction of Freshwater

To quantify the fraction of freshwater, ffw, in under-ice seawater over time, we used
the following equation:

ffw = 1 − Smeas

Sref
(4)

where Smeas is the measured salinity (SA) and Sref is the reference salinity in the under-ice
seawater. Sref corresponds to seawater salinity before the onset of snow and sea ice melt. It
serves as a baseline for comparing seawater conditions before and after snow and sea ice
start to melt.

http://data.g-e-m.dk
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3.2.3. Estimates of pCO2 Uptake by Primary Production

The contribution of primary production (PP) to the pCO2 uptake, is estimated from
the daily carbon consumption by the photosynthetic community, using the primary
productivity/Chl-a ratio (5.6 C d−1) from YS. This ratio is a literature-derived value,
determined from maximum primary productivity and Chl-a values recorded in YS between
June and August 1996 (10 µg C L−1d−1 and 1.8 µg L−1, respectively [51]). Subsequently,
the carbon consumed by PP (µg C L−1 d−1) during our study was calculated as the product
of primary productivity/Chl-a ratio (C d−1) and the maximum Chl-a (µg L−1) in under-ice
seawater in YS during June 2014. Maximum Chl-a values were used to capture the potential
maximum CO2 uptake by PP in YS during our study period.

3.2.4. Effects of Snow and Sea Ice Meltwater Mixing on Under-Ice pCO2

To quantify the effect of meltwater inputs on carbonate system properties, we esti-
mated the conservative mixing value for each property X ∈ {SA, CT, TA, DIC} following
Equation (5):

Xmix =
(Xi × Li) + (Xw × Lw)

(Li + Lw)
(5)

where Xmix is the conservative mixing value of each property (SAmix, CTmix, TAmix, DICmix),
Xi and Xw denote the property values in meltwater (snow or sea ice) and in the under-
ice seawater, respectively. Li represents the decrease in meltwater layer thickness (snow
or sea ice) over the study period—extracted from Table 1 in [24], which reports in situ
measurements obtained during the same sampling campaign. Lw represents the thickness
of the under-ice seawater (i.e., the mixed layer depth). The mixed layer depth Lw was
estimated from density profiles and defined as the depth where density increased by
0.01 kg m−3. This threshold is typical for the Arctic region [52–55].

Table 1. End-member values for snow meltwater and melt pond water, showing measured data and
values estimated from the linear regression model.

Freshwater Source Measured δ18O
(‰)

δ18O at SA = 0
(‰)

Snow meltwater −19.1 a −19.9

Melt pond water −13.6 b −12.5
a Value calculated using Equation (3). b Value taken from [24].

Equation (5) accounts for freshwater driven processes that affect carbonate chemistry,
including brine dilution due to sea ice melt, and ikaite dissolution, as well as biological
processes such as CO2 uptake by primary producers.

Afterwards, we calculated the pCO2 under mixing conditions as following: pCO2mix
=

CO2SYS (SAmix, CTmix, TAmix, DICmix).
Additionally, to evaluate whether conservative-mixing (dilution) can explain the

observed pCO2 decrease, we compare our measured DIC values to a fixed-atmosphere
baseline. We computed the DIC consistent with a reference pCO2 = 401 µatm using the
CO2SYS and then form the conservative expectations at fixed pCO2:

DIC401,sw = CO2SYS(SA, CT, TAmix, pCO2 = 401) (6)

TAmix = (1 − ffw)× TAsw + ffw × TAmw (7)

DIC401,mix = (1 − ffw)× DIC401,sw + ffw × DICmw (8)



J. Mar. Sci. Eng. 2025, 13, 2257 7 of 19

where ffw is the freshwater fraction derived from salinity from Equation (4), mw is the
snow or sea ice end-member, ‘mix’ denotes the conservative value from the salinity-defined
end-member line [56], and the subscript sw for seawater (measured values).

Because TA is not strictly conservative in sea ice-influenced waters, ikaite precipitation
within sea ice and dissolution during melt modify TA and pCO2 in the underlying seawa-
ter [25], we (i) normalize TA and DIC to salinity (nTA, nDIC) and (ii) quantify departures
from conservative mixing using residuals defined as:

∆TA = TAsw − TAmix (9)

∆DIC = DICsw − DIC401,mix,TAmix (10)

3.2.5. Pearson Correlation

The time series was split into three sections based on changes of the Pearson correlation
coefficients calculated for the relationship among pCO2, SA, CT, and the CT-SA correlation.
Temporal changes in the correlation coefficients, combined with shifts in potential meltwater
sources, were used to classify the distinct periods throughout our sampling.

4. Results
4.1. Hydrographic Conditions

Vertical profiles of SA and CT show a well-mixed water column in the upper 30 m on
May 15 with SA of 32.38 g kg−1 and CT at near freezing point of −1.75 ◦C (Figure 2a,b).
These profiles are representative of the hydrographic settings before the onset of snow and
sea ice melt. By the end of May, SA decreased in the upper 30 m with the lowest values at
the sea surface (SA = 32.19 g kg−1), while CT increased to −1.68 ◦C/−1.65 ◦C, reflecting
the onset of snow and sea ice melt. These changes in SA and CT resulted in a stratified
water column (Figure 2c).

Figure 2. Vertical profiles of (a) absolute salinity, (b) conservative temperature, and (c) potential density.
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4.2. Atmospheric Temperature and Snow and Sea Ice Conditions

Air temperatures increased steadily from below 0 ◦C to 10 ◦C between 1 and 11 June
(Figure 3a). From 11 to 18 June, temperatures ranged between 4 ◦C and 14 ◦C, and melt
ponds started to form on the sea ice surface (Figure 1c,d), resulting in a decrease in snow
thickness (from 60 cm to 14 cm). After 18 June, temperatures dropped and remained around
0 ◦C. By the end of June, temperatures increased to about 5 ◦C. While these fluctuations in
air temperatures resulted in a thinning of the snow cover, the sea ice thickness remained
relatively stable, decreasing from 145 cm to 135 cm throughout the survey [24]. Based
on in situ sea ice temperature and salinity, the calculated brine volume fraction remained
above the permeability threshold of 5% [57] or 7% [58] suggesting that the ice cover was
permeable [24].

Figure 3. Time series in under-ice seawater (2.5 m) separated by three periods: melt onset, ongoing
melt, and melt pond drainage: (a) air temperature (Air T), (b) conservative temperature (CT; blue)
and absolute salinity (SA; red), (c) pCO2 (pink) and freshwater fraction (FWfraction; black). Dots
represent raw data, whereas continuous lines represent the average values on a one-day window.
(d) Pearson correlation coefficients between CT and SA (dashed line), pCO2 and SA (solid line), and
pCO2 and CT (dotted line). For CT and SA, n = 2898 and for pCO2, n = 2714. Vertical dashed grey
lines correspond to changes of periods (melt onset, ongoing melt, and melt pond drainage) based on
the calculated changes on the Pearson coefficients.
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4.3. Continuous Measurements of SA, CT, and pCO2

From 1 to 10 June, SA and CT remained relatively constant, ranging from 32.09 g kg−1

to 32.20 g kg−1 (mean = 32.17 g kg−1, SD = 0.01 g kg−1) and from −1.60 ◦C to −1.71 ◦C
(mean −1.67 ◦C, SD = 0.01 ◦C), respectively. The seawater pCO2 was undersaturated
compared to the atmosphere (401 µatm), slightly decreasing from 353.6 to 346.2 µatm
(mean = 350.5 µatm, SD = 3.4 µatm, Figure 3c). The Pearson correlation between CT
and SA exhibited sharp fluctuations over time (from −0.5 to 0), indicating that CT and
SA lacked any discernible pattern to seawater properties (Figure 3d). After 11 June, SA
decreased from 32.19 g kg−1 to 31.56 g kg−1 and CT increased from −1.70 ◦C to −0.95 ◦C.
A strong Pearson correlation between CT and SA (−0.97) suggests that changes in these
variables are associated from the same process (Figure 3d). Seawater pCO2 decreased from
344.9 µatm to 261.4 µatm (Figure 3c), associated with decreasing SA and increasing CT
(Pearson correlation of 0.87 and −0.90, respectively), suggesting that fresher and warmer
water contributed to lowering the pCO2. Between 24 and 27 June, an overall increase in
CT (from −0.82 ◦C to −0.55 ◦C) and a decrease in SA (from 31.43 g kg−1 to 31.25 g kg−1)
was observed while both variables exhibit high local maxima and minima due to enhanced
stratification (Figure 3b). Likewise, seawater pCO2 decreased slightly to 248 µatm. During
this period, the Pearson correlations between pCO2 and SA and CT and SA were near zero,
while the correlation between pCO2 and CT increased to −0.55. This suggests that the
observed pCO2 changes were due to the intrusion of warm seawater. From 28 to 30 June,
pCO2 stabilized at around 261 µatm.

4.4. Water Isotopes

The observed δ18O of seawater was correlated with SA, with δ18O values ranging from
-2.9‰ to −1.0‰ (Figure 4a). However, early in the survey (1–10 June), δ18O values were
closely clustered without a clear pattern or significant correlation, suggesting the remnant
influence of spring convection (Figure 4a). During this period, the data primarily aligned
with the Lena River Meteoric Water Line (LRMWL), indicating that the under-ice seawater
was sourced predominantly from outside the fjord (Figure 4b). Between 11 and 21 June,
a clear negative relationship between δ18O and SA emerged as shown by the r2-value of
0.8 (Figure 4a), and the data deviated from LRMWL toward the Arctic Meteoric Water
Line (AMWL; Figure 4b). The δ18O intercept of −19.9‰, which is consistent with local
precipitation (−19.1‰, Table 1), suggests that snowmelt contributed to the freshening
of the under-ice seawater. By 24 June, the negative relationship between δ18O and SA
persisted, with the δ18O intercept shifting to -12.5‰, closer to the values observed in melt
ponds (−13.6‰, Table 1). This suggests that the under-ice seawater was influenced by
the drainage of melt pond water, derived from snow and sea ice melt (Figure 4a). This
assumption is consistent with the observed deviation from the AMWL toward the LRMWL,
indicating advection of water from outside the fjord, which carried the signature of melt
ponds (Figure 4b).

4.5. Chlorophyll-a and Nitrate Concentrations

Chl-a and NO3
− concentration varied from 0.01 to 0.66 µg L−1 and from 0 to

2.2 µmol L−1, respectively. From 17 June onward, the under-ice seawater remained NO3
−-

depleted (Table 2).
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Table 2. Chlorophyll-a (Chl-a) and nitrate (NO3
− concentration at 1 m in the under-ice seawater.

Date
(2014)

Chl-a
(µg L−1)

NO3−

(µmol L−1)

11 June 0.01 2.20

17 June 0.66 0.00

23 June 0.12 0.00

Figure 4. (a) The δ18O (‰) values as a function of absolute salinity (SA) for the melt onset period
(black dots, n = 28), ongoing melt (red dots, n = 20), and drainage of melt pond water (blue dots,
n = 8). (b) The δ2H (‰) as a function of δ18O (‰) values. The dashed, dash-dotted, and dotted lines
indicate potential sources of meteoric water for the under-ice seawater in YS.

5. Discussion
The under-ice seawater pCO2 was undersaturated (248–354 µatm) compared to the

atmosphere (401 µatm), suggesting that seawater had the potential to act as a sink for
atmospheric CO2. While the underlying seawater was initially undersaturated (354 µatm)
compared to the atmosphere, the input of meltwater derived from snow and sea ice results
in a further reduced seawater pCO2 to 248 µatm. To elucidate the mechanisms driving these
changes, a range of physical and biological processes were investigated for their potential
influence on seawater pCO2 dynamics.

5.1. Melt Onset Caused a pCO2 Decrease in Under-Ice Seawater

Discrete observations between 15 May and 29 May, revealed the formation of a layer
with relatively low salinity (SA < 32.20 g kg−1) and high temperature (CT = −1.65 ◦C)
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at the seawater surface (Figure 2a,b), indicating an influx of fresh water that marked the
beginning of the melt season. Afterwards, the time series data show that from 1 to 10
June, SA and CT remained relatively constant (Figure 3b), and no significant inputs of
fresh meltwater were detected (Figure 4a), suggesting only subtle signs of snow and sea
ice melt at this early stage. The δ2H−δ18O data lie on the LRMWL, indicating that the
under-ice seawater was predominantly sourced from outside the fjord (Figure 4b). This
fresh meltwater inflow triggered a subtle yet steady decrease in seawater pCO2 (~8 µatm;
Figure 3c).

5.2. Snow and Sea Ice Melt Reduce pCO2 in Under-Ice Seawater

Between 11 and 24 June, seawater pCO2 decreased by 84 µatm. This decline was
strongly correlated with the presence of fresher, warmer waters, suggesting that meltwater
mixing caused the observed drop in seawater pCO2 (Figure 3d). To isolate the primary driver
of the pCO2 decrease, we examined and excluded other potential contributing processes.

Vertical mixing with deeper water was ruled out as a possible explanation. Using
measured SA, CT, TA, and DIC at 10 m, we calculated a pCO2 of 370 µatm (Table 3). In
the conservative mixing model—based on SA, CT, TA, and DIC—it would require ca. 90%
of deeper water to be mixed with the surface layer to reach a pCO2 of 370 µatm. This
scenario is unlikely given the stratified conditions (Figure 2c). Moreover, such mixing
would increase, rather than decrease, pCO2 beneath the ice.

Table 3. End-member values for absolute salinity (SA), conservative temperature (CT), total alkalinity
(TA), dissolved inorganic carbon (DIC), pH, and calculated pCO2 (pCO2_calc) in surface water, deep
water, Zackenberg river, snow and sea ice meltwater, and in the atmosphere.

Source SA CT TA DIC pH pCO2_Calc e pCO2

(g kg−1) (◦C) (µmol kg−1) (µmol kg−1) (NBS) (µatm) (µatm)

Surface water a 32.2 −1.7 2222 2114 344

Deeper water b 32.3 −1.7 2217 2119 370

Zack. River c 0 0.2 280 447 e 6.6 2174

Snow
Meltwater d 0 0 52 44 1

Sea ice
Meltwater d 4.8 −1.7 378 364 45

Atmosphere 401
a Collected at 2.5 m depth on 2 June. b Collected at 10 m depth on 2 June. c Data collected on 4 June 2014 gathered
from GEM database. d Samples were collected during May and June 2014 [24]. e Calculated value from CO2SYS.

Freshwater inputs from precipitation and river runoff were also considered. Precipita-
tion during the study period totaled just 4.1 mm and resulted in a negligible decrease of
only 0.4 µatm in under-ice seawater pCO2. Similarly, runoff—primarily from the melting of
the snow and glacial ice [33]—is unlikely to explain the observed pCO2 reduction. Using
measured TA and pH, we estimate river water pCO2 up to 2174 µatm (Table 3). With a ffw

of 0.02 at most during the ongoing melt, mixing of river water results in pCO2 of 342 µatm,
indicating a negligible effect on under-ice pCO2 (Table 4).

The observed decrease in under-ice pCO2 is best explained by dilution from mix-
ing with meltwater from snow and sea ice. Under conservative mixing, the addition of
meltwater—low in TA and DIC—reduces TA and DIC as salinity falls, which in turn lowers
pCO2. We isolated the role of mixing by computing a DIC at a fixed pCO2 of 401 µatm
and compared measured DIC (DICsw) and TA (TAsw) with their conservative-mixing ex-
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pectations (DIC401,mix and TAmix). Measured values fall near the 1:1 line (Figure 5a,b),
showing that most of the variability in DICsw and TAsw can be reproduced by simple dilu-
tion with meltwater, without invoking additional reactions. After removing the dilution,
dissolution, photosynthesis, and CO2 release leave a fingerprint (Figure 5c,d). Calcium
carbonate (CaCO3) dissolution is expected as melting continues, because sea ice contains
CaCO3—in the form of ikaite—that dissolve upon mixing, adding proportionally more TA
than DIC and thereby further lowering the under-ice pCO2, cf. [25]. Mixing also modifies
the carbonate buffer balance. As SA decreased, the TA/DIC ratio increased (Figure 5e),
indicating stronger dilution of DIC than TA. This shift raises the buffering capacity and
lowers pCO2. A strong negative correlation between the TA/DIC ratio and measured pCO2

further supports this mechanism (Figure 5f).

Table 4. Results from the mixing of snow or sea ice meltwater with the under-ice seawater. Lw denotes
the under-ice seawater layer, and Li represents the decrease in meltwater layer thickness (snow or
sea ice). Reported parameters include the mixed absolute salinity (SAmix), mixed conservative
temperature (CTmix), mixed total alkalinity (TAmix), mixed dissolved inorganic carbon (DICmix),
mixed pCO2 (pCO2mix), and ∆pCO2.

Scenario Lw
(m)

Li
e

(m)
SAmix

a

(g kg−1)
CTmix

a

(◦C)
TAmix

a

(µmol kg−1)
DICmix

a

(µmol kg−1)
pCO2mix

b

(µatm)
∆pCO2

c

(µatm)

Snow meltwater
mixed with

seawater
2.5 0.36 28.1 −1.5 1949 1853 285 59

Sea ice meltwater
mixed with

seawater
2.5 0.1 31.1 −1.7 2151 2047 320 24

River water mixed
with seawater d 31.6 −1.7 2183 2081 342 2

a Calculated values from Equation (5). b Calculated values from CO2SYS (Section 3.2.4). c ∆pCO2 = pCO2mix
−

pCO2calc
d Calculated using Equation (7). e Layer thickness measurements were obtained from [24].

Figure 5. Relationships between (a) measured DIC (DICsw) and DIC401,mix, (b) measured TA
(TAsw) and TAmix, (c) DIC (∆DIC) and TA residual (∆TA), (d) nDIC and nTA (normalized at
Sref = 32.38 g kg−1). The different dashed lines in panel (c,d) represent the theoretical evolution
of nTA/nDIC ratio and residuals following the precipitation/dissolution of calcium carbonate, re-
lease/uptake of CO2(g) and biological photosynthesis/respiration. (e) Relationship between the
TA/DIC ratio and SA (g kg−1), and (f) between the TA/DIC ratio and measured pCO2 (pCO2_meas).
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Using the SAmix, CTmix, TAmix, DICmix, the conservative-mixing calculation attributes
pCO2 reductions of 59 µatm (snow) and 24 µatm (sea ice) within the upper 2.5 m of the water
column (Table 4)—together sufficient to explain the observed decline in pCO2. Our findings
that meltwater mixing reduce pCO2 align with prior work showing that low-salinity, TA,
and DIC meltwater mixed with saline fjord water with high TA and DIC drives pCO2

undersaturation via the salinity dependent, nonlinear carbonate system in Godthåbsfjord,
Southwest Greenland [18] and with recent melt pond observations in the central Arctic
Ocean, reporting strong pCO2 reduction from meltwater pond-seawater mixing [59].

5.3. Drainage of Melt Pond Water Affects pCO2 in Under-Ice Seawater

By mid-June, with seasonal increases in air temperature (Figure 3a), snow thickness
diminished [24], leading to the accumulation of meltwater on the surface of the sea ice
(Figure 1d). The warming of the sea ice increased its permeability, cf. [28], providing a direct
pathway for meltwater drainage into the underlying seawater. After June 22, seawater
temperatures rose significantly (CT > −1.25 ◦C) and salinity decreased (SA < 32 g kg−1),
resulting in a twofold increase in the freshwater fraction (Figure 3b,c). This suggests that
freshwater inputs from melt pond drainage were occurring. Consistent with this, the
intercept of the δ18O-SA regression in seawater (−12.5‰; Figure 4a; Table 1) closely aligns
with that of melt pond water (−13.6‰, Table 1), indicating that melt ponds were the
primary source of fresher water during this period. As the melt season progressed, the
heat-absorbing capacity of the meltwater ponds exceeded that of the surrounding sea ice
and snow, cf. [60], resulting in a rise in seawater CT and a decline in pCO2 in the under-ice
seawater (correlation coefficient = −0.5; Figure 3d). This decline was particularly evident
between June 24 and 27, when pCO2 in the under-ice seawater dropped to 248 µatm,
driven by mixing of meltwater ponds with low salinity, TA, and DIC [59]. The drainage of
meltwater pond into the under-ice seawater occurred through tidal sea ice cracks or directly
percolating through brine channels into the under-ice seawater, altering the nDIC/nTA
relationship (Figure 5c,d). Thus, the drainage of melt ponds effectively facilitated the
connection between the ocean and atmosphere in late spring despite the presence of sea
ice cover, ultimately decreasing pCO2 in the under-ice seawater. Consequently, meltwater
input at this stage of melt enhances the capacity of seawater to uptake atmospheric CO2.

5.4. pCO2 Uptake by PP in Under-Ice Seawater

Biological drawdown of pCO2 was also considered, as PP contributed to the decrease
of pCO2 during the development of under-ice blooms [16,26,61,62]. Our findings indicate
an estimated carbon uptake of approximately 9 µmol kg−1 during the study period (see
Section 3.2.3). This corresponds to a maximum reduction of 25 µatm of pCO2 over the
30-day melt period from 1 June to 30 June. As an independent approach, we also estimated
the potential DIC consumption by PP based on NO3

− concentrations measured in the
under-ice seawater (Table 2). This indicate a cumulative DIC uptake due to PP (∆DICpp)
of approximately 14.6 µmol L−1—which is comparable to the values derived from the
maximum Chl-a concentration—and supports our interpretation that PP made only a
modest contribution (23%) to the pCO2 reduction. Our finding of only modest uptake of
pCO2 by PP is consistent with observations from west Greenland fjords influenced by land-
terminating glaciers, where low-surface water NO3

− constrains PP and hence biological
CO2 uptake [63]. Similarly, in YS, the low nutrient content of Polar Water [64,65] suppresses
bloom development, reinforcing the limited role of PP in controlling under-ice pCO2.

5.5. Comparison Between Measured and Calculated pCO2 in the Under-Ice Seawater

The observed differences between measured (pCO2_meas) and calculated pCO2

(pCO2_calc) in under-ice seawater appear to be influenced by processes related to snow
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and sea ice melt. Until 21 June, a strong relationship (r2-value = 0.9) is evident between
pCO2_meas and pCO2_calc values (Figure 6), suggesting that carbonate chemistry is well
constrained by the measured TA and DIC. However, this relationship breaks down on 24
June, coinciding with the signal of meltwater ponds in the under-ice seawater (Figure 4a).
One explanation of this shift lies in the timing and mechanisms of ion release from sea
ice, particularly from brine inclusions [66]. During warming brine and carbonate ions
percolate from the sea ice into the underlying seawater. The timing and intensity of this ion
release can strongly alter carbonate chemistry by modifying TA and DIC independently,
which in turn affects calculated pCO2 [59]. If the carbonate system is out of equilibrium
during rapid meltwater input, discrepancies between measured and calculated pCO2 are
expected. Discrepancies have been previously detected in YS and seem to be related to sea
ice processes.

Figure 6. Relationship between calculated pCO2 (pCO2_calc) and measured pCO2 using the CO2SYS
program and HydroC® CO2 sensor, respectively.

6. Conclusions
• This study provides data on the few continuous, high-resolution measurements of

pCO2 in under-ice seawater, capturing the transition from melt onset to melt pond
drainage in Young Sound-Tyrolerfjord, Northeast Greenland.

• We demonstrated that dilution from mixing with meltwater from snow and sea ice
was the primary driver of the observed pCO2 decline in the under-ice seawater.

• The subsequent drainage of melt ponds through the ice as the melting season pro-
gressed marked the onset of the connection between the atmosphere and the under-ice
seawater despite persistent snow and sea ice cover.

• This connection establishes pathways for gas exchange between the atmosphere and
under-ice seawater, even before sea ice breakup.

• Primary production played a secondary role in this pCO2 reduction, compared to
dilution from snow and sea ice melt.

• High-frequency under-ice pCO2 measurements enabled us to capture rapid variabil-
ity and revealed systematic discrepancies between measured and calculated pCO2,
pointing to limitations of relying solely on calculated values in sea ice-influenced
coastal waters.

• Our findings enhance the understanding of how meltwater influences surface-water
pCO2 dynamics in Arctic coastal waters and highlight their importance for predicting
the future oceanic uptake of atmospheric CO2 under continued sea ice decline.
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GEM Greenland Ecosystem Monitoring
DMI Danish Meteorological Institute
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pCO2 Partial pressure of CO2

pCO2_meas Measured pCO2 (from CONTROS HydroC® CO2)
pCO2_calc Calculated pCO2 (from CO2SYS)
nTA, nDIC Salinity-normalized TA and DIC
∆DIC, ∆TA Residuals
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https://doi.pangaea.de/10.1594/PANGAEA.969461
https://doi.pangaea.de/10.1594/PANGAEA.969462
https://doi.org/10.4211/hs.a3c0d38322fc46ea96ecea2438b29283
https://doi.org/10.4211/hs.a3c0d38322fc46ea96ecea2438b29283
https://doi.org/10.17897/XV96-HC57
https://doi.org/10.17897/1GTF-SX86
https://doi.org/10.17897/KVVQ-BE46
https://doi.org/10.1594/PANGAEA.964983
https://ocean.dmi.dk/arctic/daneborg.uk.php
https://ocean.dmi.dk/arctic/daneborg.uk.php


J. Mar. Sci. Eng. 2025, 13, 2257 16 of 19

SAmix, CTmix, TAmix,
Conservative-mixing expectations for SA, CT, TA, DIC, pCO2DICmix, pCO2mix

TA/DIC Total Alkalinity to DIC ratio
Sref Reference salinity
ffw Freshwater fraction
LT Layer thickness
PP Primary production
DICpp DIC uptake attributable to PP
Chl-a Chlorophyll-a
NO3

− Nitrate
CaCO3 Calcium carbonate
δ18O, δ2H Oxygen-18 and Deuterium isotope composition
VSMOW2 Vienna Standard Mean Ocean Water 2
SLAP2 Standard Light Antarctic Precipitation 2
AMWL Arctic Meteoric Water Line
GMWL Global Meteoric Water Line
LRMWL Lena River Meteoric Water Line
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