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Summary

Introduction and Rationale

Seawater carbonate chemistry is described by the concentration and the reactions in seawater of the
different carbonate species: CO, (carbon dioxide), HCO; (bicarbonate ion), and COs> (carbonate ion).
Part of the CO; gas (COx(y)) entering the water column remains in the form of dissolved gas (COzg)),
while part reacts with H>O to form carbonic acid (HCOs), which rapidly dissociates into H" (hydrogen
ion) and HCO;™ that can further dissociate to COs*, releasing another H' (Egs. 1, 2, and 3) (Dickson et
al., 2007). Both these dissociation stages are described by the temperature-, pressure- and salinity-
dependent dissociation constants k; and k» (Egs. 4 and 5) (Millero, 2010).

COz(g) = COZ(aq) (1)

COsq + H2O = H' + HCOy 2

HCO;" = H™ + COs* (3)
__[COT[H]

ki = [HCO;] )
__ [HCOs][H']

ko = con ®)

where CO," is a total concentration of COx,q and an undissociated form of carbonic acid, H,COs.
Therefore, the dissociation of COxq) increases H' concentration in seawater and thus reduces its pH
(pH = -logio[H']).

The total sum of the concentrations of the different inorganic carbon species in seawater is denoted as
the dissolved inorganic carbon (DIC) (Eq. 6).

DIC = [COx@q)] + [H2CO3] + [HCO37] + [CO32_] (6)

In the surface ocean, at a temperature of 17°C and a salinity of 35, approximately 92% of the DIC is in
the form of bicarbonate ions, around 7% exists as carbonate ions, the other two species (COzq) and
H>CO:3) constitute together only 1%, from which, 0.1 % is in the short living form of H,COs. Thus,
H,>COs is not considered directly relevant for chemical or biological processes (e.g., Riebesell et al.,
2010).

Although COx.q) represents only about 1% of the DIC pool, its concentration relative to the atmospheric
level is crucial for the direction of the air-sea CO» gas exchange. When the concentration of CO; in the
ocean surface is lower than in the atmosphere, there is a net flux of CO, to the seawater, while it is
released from the seawater when its concentration is higher than in the atmosphere.

Since 1850, about 25% of total anthropogenic CO, emissions have been taken up by the oceans
(Friedlingstein et al., 2025). As a consequence, the global ocean DIC inventory has increased, and the
seawater pH has decreased, a phenomenon known as ocean acidification (OA). The pH decrease, which
is currently about 0.017 per decade (IPCC, 2019), would be even larger if it were not for the presence
of strong bases in the seawater (Ma et al., 2023), which capture some of the H" ions in the buffer
reaction. Typically, this reaction is illustrated with carbonate ions (Eq. 7).

COsag) + CO5™ + H20 = 2HCOy (7)

Although carbonate chemistry is most crucial for regulating ocean pH, other ions in seawater can also
act as proton acceptors, controlling the pool of free protons in water. The excess of proton acceptors
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over proton donors in seawater (or bases over acids), approximating the oceanic buffering capacity, is
defined as the total alkalinity (TA) (Wolf-Gladrow et al., 2007). The TA in seawater is quantified as:

TA = [HCO;] + 2[COs* ]+ [B(OH), ] + [OH ] + [HPO4*] + 2[PO4* ] + [H3Si04] +
[NH;] + [HS] - [H'] - [HSO4] - [HF] - [H3PO4] — [HNO,] + [minor bases - minor acids] ()

Since TA is to a large extent salinity-dependent, it is relatively constant in open waters, whereas in
coastal waters it shows significant temporal and spatial variability. Regardless of the total concentration
and location, the dominant share of TA is mostly bicarbonates and carbonates, usually about 90%. In
open waters, borates contribute a few percent to the TA, while other substances play a rather minor role
and are often considered irrelevant. In coastal, estuarine, and fjord systems, however, these commonly
negligible substances become more important either because of their unusual contribution and/or
elevated concentrations (ion anomalies), and can largely contribute to TA. For instance, the contribution
of organic compounds with acid-base properties in waters rich in dissolved organic matter can have a
large contribution to the TA (Hunt et al., 2011; Kerr et al., 2021; Kulinski et al., 2017; Yang et al.,
2015).

Commonly, four measurable parameters are used to describe the structure of the carbonate system in
seawater (also denoted as marine CO; system) . The mass conservation is defined by (1) the DIC. The
charge balance is parametrized by (2) the TA. The speciation of inorganic carbon species is controlled
by (3) the pH. And the potential to transfer inorganic carbon between the atmosphere and the ocean
surface is determined by (4) the partial pressure of seawater CO, (pCO) (Dickson et al., 2007).

In the well-characterized carbonate system of the open ocean, these four measurable variables (TA,
DIC, pH and pCO,) can be calculated using ion-pairing models through the set of thermodynamic and
mass-balance equations (e.g. Lewis et al., 1998). For these calculations, two of the four variables are
needed as input parameters, along with temperature and salinity. Besides TA, DIC, pH, and pCO2, these
models can also estimate the contributions and concentrations of different inorganic carbon species,
including COs*. The concentration of COs* is ultimately used to determine the saturation states of
aragonite (Qar) and calcite (Qcal), two crystal forms of calcium carbonate (CaCO3) used by calcifying
organisms to build their exoskeletons, therefore they are key parameters for understanding ecosystem
health and sensitivity against OA. However, in coastal waters, the presence of unparametrized
components in the ion-pairing models (such as organic compounds with acid-base properties) can
induce errors (sometimes above the limits to resolve regional and short-term variability in the marine
CO, system), expressed as over- or underestimations of the calculated parameters, including Qar and
Qcal.

The Arctic Ocean is particularly efficient at absorbing anthropogenic CO; due to the higher solubility
of the gas in its cold waters, which, on the other hand, makes the region especially sensitive to OA (von
Schuckmann et al., 2024). Moreover, rising temperatures are increasing the extent and duration of sea
ice-free areas, thereby enhancing air-sea CO, fluxes. The effect of OA is further amplified by seawater
freshening caused by meltwater inflow from sea ice and glaciers, which is responsible for reducing TA
and the buffer capacity in surface water layers (Zhang et al., 2020). Furthermore, river runoff remains
a significant source of freshwater to the Arctic Ocean. Although the Arctic Ocean accounts for only 1%
of the total oceanic volume, it receives approximately 11% of the global continental runoff, and this
effect has been exacerbated in recent decades by the increase in precipitation in drainage basins (e.g.
Capelle et al., 2020 and reference therein). On the other hand, the expansion of ice-free, open waters
and the increase in nutrient supply have increased net primary production (NPP). This mechanism
reduces CO; concentration and increases pH in the photic layer, counteracting OA.

Therefore, there is a direct feedback mechanism between anthropogenically driven changes in the Arctic
cryosphere, air-sea CO, fluxes, and NPP, all of which transform the carbonate equilibrium of surface
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waters and thus influence OA in different directions. To quantify present and project future changes
in OA, carbon cycling, and carbon inventory in the Arctic, it is necessary to accurately measure
changes in the marine carbonate system and attribute the main drivers of these changes. Despite
the significant exposure of Arctic waters to OA, the contributions of individual drivers to changes
in its surface pH remain poorly quantified.

Moreover, due to the harsh environmental conditions and logistical constraints, measurements of the
carbonate system in Arctic waters are scarce. In most cases, only two (out of four) variables of the
carbonate equilibrium are measured, and the others are calculated using ion-pairing balance models.
This is despite the Arctic region being heavily influenced by meltwater, continental runoff, and
enhanced primary production, all of which have the potential to cause atypical seawater composition
and thus affect the quality of results estimated by the models. Even though it is suspected that the
accuracy of the calculated variables is likely reduced, to date, there have been no dedicated
assessments demonstrating the uncertainty of the calculated values in Arctic coastal areas. There
is also no study reporting clear guidelines about how to obtain high-quality calculated values of
the carbonate system, which are ultimately the backbone for OA studies, ecosystem health and
carbon inventory in the Arctic region.

The scarcity of measurements and potential limitations in the quality of mathematically determined
carbonate system variables are not the only problems. The high spatial (including vertical) and temporal
variability of the marine carbonate system in Arctic coastal waters makes its characterization, and thus
OA studies, a difficult task. Sampling of different carbonate system (and other biogeochemical)
parameters is most often performed by collecting water with traditional Niskin-bottle-based devices,
offering only sparse vertical resolution. The lack of a system allowing for continuous, high-
resolution water-column sampling of different variables of the marine carbonate system limits
our ability to explore the rapid biogeochemical transformations in the photic zone, where melted
sea ice, continental runoff, CO, air-sea gas exchange, and primary production interact
simultaneously and have the most significant impact.

Research hypotheses

Taking into account the actual state of knowledge on the marine carbonate system in Arctic waters, as
well as research needs related to gaps in understanding, the following research hypotheses have been
proposed:

1) Despite the direct influence of sea ice meltwater on TA and DIC, NPP is the main driver of
pH changes in the surface layer of the Arctic open waters during the summer season.

2) The accuracy of the calculated carbonate system parameters using ion-pairing models is
reduced in Arctic coastal areas compared to open ocean waters, limiting the quality of OA
studies.

3) High-resolution vertical sampling of the marine carbonate system parameters reveals fine-
scale biogeochemical variability in the surface layer induced by continental runoff and sea
ice/glacier meltwater in Arctic coastal areas.

Goals

The main overarching aim of this PhD dissertation was to provide new insights into the structure and
variability of the marine carbonate system in understudied Arctic waters, including the
biogeochemically complex coastal areas. This was done considering the limitations of the possible
sampling area and the challenges of providing high-quality, high-resolution data to link the variability
of the marine carbonate system to the influence of continental runoff, sea ice meltwater, primary
production, and temperature, with special focus on the Atlantic sector of the Arctic region. The specific
research goals included:



L. To characterize the interannual spatial variability of the marine carbonate system in surface
waters of the Fram Strait and to identify and quantify the main physical and biological drivers
behind these transformations.

IL To identify quality limitations in the use of thermodynamic ion-pairing models to calculate
TA, DIC, pH, and pCO- in open and coastal Arctic waters and to provide concise guidelines
for obtaining high-quality data on the carbonate system.

1. To provide a solution for simultaneous sampling of all four carbonate system parameters (and
other biogeochemical variables) with high vertical resolution in stratified, biogeochemically
complex Arctic coastal waters.

Study area

The study has been mostly conducted in the North Atlantic region, and particularly in the Greenland
Sea and the Fram Strait, as well as on the west shelf of Svalbard, including its adjacent fjords. This
region has been recognized as one of the most effective areas in absorbing atmospheric CO, (e.g. Land
et al., 2013) and, at the same time, one of the most productive areas in the Arctic (Cherkasheva et al.,
2025; Slagstad et al., 2015). It is also known for its intensive water and heat exchange, where the East
Greenland Current transports cold, low-salinity waters, together with sea ice, southwards along the
Greenland shelf slope. On the other hand, the West Spitsbergen Current carries warm, more saline
waters northward along the continental slope of the Archipelago of Svalbard (Beszczynska-Moller et
al., 2012). Moreover, the Greenland Sea is the main gateway for Arctic sea ice (Spreen et al., 2020),
and the resulting sea ice meltwater reduces surface water salinity. All this means that the surface waters
in this region, which are so actively absorbing CO; and thus heavily exposed to OA, are characterized
by dynamic interactions among different water masses with a wide range of physical, biological, and
chemical properties (e.g., temperature, salinity, nutrient concentrations, and NPP). This provides an
ideal setup for decoupling and quantifying the influence of different factors shaping spatial and temporal
variability of the marine carbonate system in open waters — a feature that has been explored in
Publication 1.

Moreover, the significant inflow of freshwater into the coastal zone of Svalbard (sea ice/glacier
meltwater and continental runoff), and into the open waters of the Greenland Sea (sea ice meltwater),
entails a decrease in TA, and therefore in the buffering capacity of seawater, increasing the vulnerability
of these areas to OA. Simultaneously with the enhanced OA effect, freshwater inflow can complicate
OA research itself by causing ion anomalies and introducing inorganic and organic non-parameterized
substances, which can introduce errors when thermodynamic ion-pairing models are used to calculate
carbonate system parameters. This phenomenon has been addressed in Publication 2.

Furthermore, the spread of freshwater is often accompanied by sharp salinity and biogeochemical
gradients and by water column stratification, making precise water sampling of the carbonate system
parameters challenging. The latter aspect has been investigated in Publication 3, which, in addition to
the research in the waters of the North Atlantic, was enriched with additional measurements carried out
in the Baltic Sea - a basin characterized by high riverine runoff and steep biogeochemical gradients in
the water column.

Methods

The three publications included in this dissertation are largely based on my own measurements of
temperature, salinity, pH, pCO,, TA, and DIC taken in the East Greenland Sea and the Fram Strait
(during summer 2021 and 2024), the continental shelf and fjords of the west coast of Svalbard (summer
2021 and 2022), and the Baltic Sea (spring 2024). In the case of Publication 1, the open waters data [
collected during 2021 were merged with an existing database covering the same set of variables
measured in 2019 and 2020 in the same region.

The analytical methodology I used in my experimental doctoral research included:



- The pCO; measurements were obtained from the headspace of a bubble-type equilibrator
equipped with an additional spray-type water diffuser using a cavity ring-down spectroscope
(CRDS) G210-I (Picarro) — the system described in detail by Stokowski et al. (2021). The
equilibrator was receiving a constant flow of seawater from a pump located in Kingstone
(surface water) and/or from a submersible pump ("carbonate profiler") in the case of Publication
3. To estimate temperature changes during the transport through the pipeline, temperature was
always recorded at the inlet of the system and in the equilibrator.

- The pH was measured on a total pH scale (Clayton and Byrne, 1993) using a spectrophotometric
method based on m-cresol purple (m-CP) dye using a HydroFIA pH (CONTROS, 4H JENA
Engineering GmbH).

- The concentration of DIC (umol kg™') was determined by acidifying the samples and measuring
the resulting CO; (Chen et al., 2015). This was done using an automated DIC analyzer (Apollo
SciTech Inc.) equipped with a Li7815 CO; detector.

- The TA concentration in the samples (umol kg™) was estimated by closed-cell potentiometric
titration as described by Dickson et al. (2007). Importantly, all TA and DIC measurements have
been performed against certified reference materials provided by the Marine Physical
Laboratory of the Scripps Institution of Oceanography, University of California, San Diego
(Dickson et al., 2003).

- Underway salinity and temperature were measured with an SBE 21 SeaCAT thermosalinograph
and an additional temperature probe SBE 38 located at the water inlet and measuring in situ
temperature (Sea-Bird Scientific), while water column temperature and salinity data were
measured using the CTD-rosette (SBE9/11, Sea-Bird Scientific).

- Calculations of the marine carbonate system components (DIC, TA, pH, and pCO,) were done
using the EXCEL version 2.3 of the ion-pairing model CO2SY'S (Publication 1) and the updated
version of the EXCEL CO2SYS provided by Orr et al. (2018) (Publication 2 and 3).

A detailed description of the sampling procedure, sample preservation, and analytical techniques was
provided in the individual publications. This also refers to ancillary variables (e.g., concentration of
phosphate, silicate, and oxygen saturation). Furthermore, some data from 2019 and 2020 were measured
using different analyzers (but the same methodology). Related analytical details are described in
Publication 1.

Overview of the results

This summary contains only brief descriptions of the results. More detailed information may be found
in the individual publications that make up this PhD dissertation.

To achieve the first research goal, the spatial and interannual variabilities of the carbonate system data
(TA, DIC, pH, and pCOz), temperature, and salinity collected during 2019, 2020, and 2021 in the
surface waters of the Fram Strait and the Eastern Greenland Sea were analyzed and presented in
Publication 1. The results show that the study area was characterized by significant spatial
hydrodynamic variability, which is reflected in changes in salinity (from 30.0 to 35.2) and temperature
(from -0.5 °C to 8.5 °C). The TA concentrations clearly followed the distribution pattern of salinity,
which suggests conservative mixing of TA. Extrapolation of the strong linear correlation between these
two parameters indicates that the TA concentration for the zero-salinity end-member amounted to 420
umol kg'. This agrees with previously reported values for sea ice (441 pmol kg') (Rysgaard et al.,
2007), indicating sea ice meltwater as the main driver of TA changes in the area.

To describe the influence of sea ice meltwater on DIC, previously reported data for sea ice DIC as the
zero-salinity end-member (Rysgaard et al., 2007) and winter surface DIC as the high salinity end-
member were used to determine the linear relationship between DIC and salinity (see Publication 1 and
references therein). Then, the DIC determined by this function from measured salinity has been
compared with measured DIC (Publication 1, Figure 5), and the difference between the two has been



attributed to (NPP). The results showed that NPP plays an important but secondary role in the spatial
and interannual variability of DIC in surface waters and has a rather minor effect on TA changes.

Moreover, the interannual spatial distribution of salinity and temperature was correlated with the
percentage of the study area covered by sea ice. The results showed that the year with the lowest sea
ice cover (2021, with 16.7% of the study area covered by sea ice) was also the year with the lowest
surface temperatures and the lowest surface water salinity. In the same way, the year with the largest
area covered with sea ice (2019 with 49.9%) was also the year with the highest surface salinity and
temperature. This revealed that the volume of summer-melted sea ice plays the main role in interannual
changes in the distribution of sea surface temperature, salinity, and, by extension, TA and DIC in the
study area.

Since the clear and strong influence of meltwater from sea ice on TA and DIC variability was confirmed,
a thermodynamic ion pairing model (CO2SYS) was used to verify hypothesis 1) and to check whether
this variability still has a lower potential than NPP to influence seawater pH. The calculations performed
revealed that NPP was indeed the primary process driving pH variability in the region (Publication 1,
Figure 9). Due to high interannual variability, NPP was responsible for pH changes in surface waters
ranging from 0.10 in some years to 0.22 in others. Temperature and salinity variability in the study area
were responsible for pH changes of up to 0.14 and 0.1, respectively. The calculations also showed that
some minor part of pH variability in the region (up to 0.02) can be due to unparametrized processes
and/or atypical seawater constituents not included in the commonly used thermodynamic models
(denoted as inconsistencies in publication 1).

In Publication 1, the first research goal was achieved, and the reported results confirmed the first
hypothesis: the high spatial and interannual variabilities of surface TA and DIC during summer
in the North Atlantic, being driven by salinity (or volume of sea ice meltwater) changes, are not
the primary drivers of the pH (and pCO.) variability that is principally regulated by NPP.

In addition to the results used to test the first hypothesis, Publication 1 also provided high spatial
resolution pCO; data collected during 2019, 2020, and 2021, which showed that other medium- and
small-scale physical processes (e.g., mesoscale/submesoscale eddies) may contribute to rapid changes
in pCO; and thus in the marine carbonate system. However, the mechanisms responsible for them
cannot be understood solely from surface measurements. To describe and quantify these processes, it
would be necessary to sample pCO-, as well as other carbonate system variables, with high vertical
resolution in the upper water column. Therefore, these results confirm the validity of the third
hypothesis and the third research objective, pointing to the need for fine-scale water-column
measurements (in this case, pCO.) to understand the mechanism behind the variability of the carbonate
system in the surface water layer.

The results from Publication 1 also clearly showed that the thermodynamic ion-pairing model can
produce errors in pH calculations due to unparametrized processes and seawater constituents — a feature
addressed in the second hypothesis and the second research goal. In Publication 1, pH was calculated
from DIC and TA, as planned in the study. However, in such calculations, which are often the basis of
OA studies, various combinations of all four carbonate system variables can be used, and the final errors
may differ depending on the initial pair of carbonate variables used. To summarize and understand the
limitations of the commonly used thermodynamic ion-pairing model, as proposed in the second research
objective, the oceanic and coastal data collected in 2021 were used to compare the calculated values of
TA, DIC, pH, and pCO: to the in situ measurements of the same values (Publication 2). The dispersion
of the difference between measured and calculated values is commonly reported in similar studies as
the average of the differences between measured and calculated values, together with their standard
deviation. However, this statistical approach does not accurately reflect the data's dispersion around the
"real values". In Publication 2, as part of the guideline for OA studies, it was proposed to use the 68th
percentile, along with the rationale for this choice.
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Together with the error reporting method, Publication 2 proposed a reference for distinguishing between
"good quality" and "bad quality" data based on the weather-quality threshold for OA studies established
by Newton et al. (2014). In our dataset, the threshold between good quality and low quality corresponds
to a relative standard uncertainty of 10 umol kg™ for DIC and TA, 0.020 for pH, and 7 patm for pCO..

The detailed analysis of estimated errors from Arctic coastal and ocean samples is presented in
Publication 2, while the summary of the quality assessment is provided in Table 4 of this publication.
The results indicate that high-quality calculated values can generally be obtained from oceanic samples.
Only pH and pCO, as an input pair should be strictly avoided in calculations. On the other hand, values
calculated from coastal samples generally produce low-quality datasets. Only pH and pCO; can be
calculated with satisfying accuracy: for pH, using as input pairs TA and pCO, or DIC and pCO,, and
for pCO,, using as input pairs DIC and pH.

In addition to the input carbonate system parameters, it is also recommended to include the
concentrations of phosphates and silicates, as they can directly influence the carbonate equilibrium and
thus the quality of the calculations. The evaluation of the contribution of these two input parameters
demonstrates that not including them in the calculations generate an error between 1.9% and 7.2%.

The development of sensors capable of collecting in-situ pH and pCO, data with high temporal
resolution has opened new possibilities to study OA in Arctic waters. Unfortunately, our study shows
that pH and pCO; cannot be used together as input data for calculating other parameters. Therefore, in
publication 2, we evaluate the feasibility of using TA calculated from salinity (TA;) using a linear
relationship developed from the collected dataset. Results demonstrate that applying TA, together with
either pH or pCO> produces slightly larger errors (than when using measured TA) but generally good-
quality data. This opens new perspectives for long-term studies of OA, carbon inventory, and ecosystem
health in Arctic coastal areas.

The results obtained in Publication 2 show that the absolute uncertainty in the calculations of the
marine carbonate system is significantly larger in coastal regions than in oceanic waters, thereby
positively verifying hypothesis 2. In addition to highlighting limitations in the use of
thermodynamic ion-pairing models in Arctic coastal and oceanic waters, Publication 2 also
provides concise guidelines for the research community to conduct high-quality OA-related
research in this OA-sensitive region.

To achieve the third research objective and obtain high-resolution vertical measurements of the
carbonate system parameters (including pCO-) in highly stratified environments (e.g., near continental
and glacier runoff), a new sampling approach was proposed (Publication 3). The system consists of a
commonly used CTD profiler (Sea-Bird 19plus, Sea-Bird Electronics, Inc., Bellevue, Washington,
USA), coupled with a submersible pump and hose to form a PUMP-CTD, which was then combined
with a traditional underway equilibrator-based pCO, measuring unit. The system, denoted as the
"carbonate profiler", can measure temperature and salinity in situ and transport seawater from selected
depths to laboratories on a research vessel, enabling continuous measurements of temperature, salinity,
pH, and pCO, and simultaneous discrete sampling for TA and DIC (and other biogeochemical variables)
with high vertical resolution throughout the water column.

To demonstrate the capabilities of the carbonate profiler, a consistency test similar to the one presented
in Publication 2 was performed in the ocean waters of the North Atlantic (Publication 3, Figure 3).
Excellent agreement was demonstrated between measured pCO; in the water column and the pCO,
calculated from water-column TA and pH, with a mean difference of X (SD) = 0.9 (+4.5) patm,
confirming the high quality of the coupling of both continuous measurements and discrete sampling.

A second sampling quality test was performed in the estuarine waters of the Vistula River (Baltic Sea).
Four profiles (one every 6 hours) of TA, DIC, pH, pCO., salinity, and temperature were collected
(Publication 3, Figure 5). The high performance of the carbonate profiler was assessed by reproducibly
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precise estimation of the TA freshwater end-member (4069 pmol kg™, SD £12 pmol kg™') based on the
four vertical profiles.

Furthermore, sampling of turbidity plumes in high Arctic fjords demonstrated that the carbonate profiler
can reveal rapid biogeochemical changes driven by freshwater inflow in the upper 5 meters of the water
column (Hypothesis 3). The results demonstrate not only excellent performance of this sampling
method but also provide evidence that a vertical resolution of 0.5 m is achievable for all carbonate
system parameters (Publication 1, Figure 6). Moreover, the relationship between TA and salinity
estimated from data collected with the carbonate profiler provides new insights into the freshwater TA
end-members, ranging from 790 to 1240 pmol kg ', showing that continental runoff and glacier
meltwaters in the Svalbard archipelago lower the buffer capacity of the seawater, reducing its potential
to uptake atmospheric CO», and enhancing OA.

The studies presented in Publication 3 confirm that implementing simple modifications to
sampling techniques enables the acquisition of high vertical resolution data on the carbonate
system in stratified, biogeochemically complex coastal areas, and for resolving its rapid variability
with high accuracy, thus confirming hypothesis 3.

Conclusions

The results and conclusions provided in the three publications compiled in this doctoral thesis
successfully achieve all the objectives and positively verify the three research hypotheses. Furthermore,
this work makes a groundbreaking contribution to Arctic research, with the following key findings:

e The mixing of sea ice meltwater and Atlantic water is the main driver for TA and DIC changes
in the surface layer of the Fram Strait and the Greenland Sea.

e Although NPP exhibits strong interannual variability, it is the primary factor influencing pH in
the Greenland Sea and Fram Strait surface waters. Temperature and salinity play a secondary
(but also important) role.

e Determining marine carbonate system variables using the ion-pairing model generates
significantly larger errors for Arctic coastal waters than for oceanic waters.

e Only three combinations of input parameters generate good quality data using the ion-pairing
model in Arctic coastal waters: TA and pCO,, DIC and pCO,, and DIC and pH; other
combinations should be avoided, and especially the pair of pCO, and pH.

e TA derived from salinity together with pCO, measurements can be used to calculate pH with
high accuracy, which opens new possibilities for long-term OA studies in Arctic coastal waters.

e The influence of continental runoff and glacier/sea ice meltwater generates complex, sharp
biogeochemical gradients in the surface layers of Arctic coastal waters and lowers the buffer
capacity of seawater, reducing its potential to absorb atmospheric CO; and increasing ocean
acidification.

e Easy-to-implement and inexpensive sampling system modifications combining a CTD profiler,
a submersible pump and an underway pCO. measurement system fill a technology gap in
studying changes in carbonate chemistry in stratified Arctic coastal waters.
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Streszczenie

Wprowadzenie i uzasadnienie

System weglanowy wody morskiej opisuja stgzenia oraz reakcje poszczegdlnych form wegla
nieorganicznego: CO: (dwutlenku wegla), HCO;  (jonu wodoroweglanowego) oraz COs* (jonu
weglanowego). Czes¢ gazowego CO: (COyy) wnikajacego do wody pozostaje w formie
rozpuszczonego gazu (COxqg)), natomiast czes¢ reaguje z H,O, tworzac kwas weglowy (H2COs3), ktory
ulega dysocjacji na jony H' (jon wodorowy) i HCOs ", a te z kolei mogg dalej dysocjowaé do COs*",
uwalniajac kolejny proton H (réwnania 1, 2 i 3) (Dickson i in., 2007). Oba etapy dysocjacji opisuja
state dysocjacji ki i k, (réwnania 4 i 5), ktore sg zalezne od temperatury, ci$nienia i zasolenia (Millero,
2010).

COz(g) = COZ(aq) (1)

COz(aq) +H,0O= H" + HCO5" (2)

HCO; = H' + COy* (3)
__[COT[H]

e )
__[HCO5] [H]

ke = cos] )

gdzie CO," jest sumarycznym stgzeniem COx g i niezdysocjowanej formy kwasu weglowego, H,COs.

Zatem dysocjacja rozpuszczonego CO2 powoduje wzrost stezenia jondw H™ w wodzie morskiej, a tym
samym obnizenie jej pH (pH = -logio[H']).

Calkowita suma stezen wszystkich form wegla nieorganicznego w wodzie morskiej okreslana jest jako
rozpuszczony wegiel nieorganiczny (DIC — ang. dissolved inorganic carbon) (rdwnanie 6).

DIC = [COxaq)] + [H2COs] + [HCO5] + [COs*] (6)

W warstwie powierzchniowej oceanu, przy temperaturze 17°C i zasoleniu 35, okoto 92% DIC
wystepuje w formie HCO;~, okoto 7% w formie COs*", a pozostate dwie formy (COxq i Ho.CO3)
stanowig tacznie zaledwie 1%, z czego 0,1% przypada na krotkotrwaly H,CO:s. Z tego wzgledu H,COs
nie jest uznawany za bezposrednio istotny w procesach chemicznych lub biologicznych (np. Riebesell
iin., 2010).

Cho¢ COxq) stanowi jedynie okoto 1% puli DIC, jego stezenie wzglgdem stezenia w atmosferze ma
kluczowe znaczenie dla kierunku wymiany gazowej CO» migdzy atmosferg a morzem. Gdy stezenie
CO: w warstwie powierzchniowej oceanu jest nizsze niz w atmosferze, CO: jest pochtaniany przez
wode¢ morska; w przeciwnym razie gaz jest uwalniany z wody do atmosfery.

Od 1850 roku okoto 25% catkowitej antropogenicznej emisji CO: zostato pochlonigte przez morza i
oceany (Friedlingstein i in., 2025). W konsekwencji globalne stezenie DIC w oceanach wzrosto, a pH
wody spadto — zjawisko to nazywane jest zakwaszaniem oceanow (OA — ang. ocean acidification).
Spadek pH, ktoéry obecnie wynosi okoto 0,017 na dekade (IPCC, 2019), bytby jeszcze wigkszy, gdyby
nie obecno$¢ w wodzie silnych zasad (Ma i in., 2023), ktére wychwytuja cze$¢ jonow H' w reakcji
buforowej, zazwyczaj ilustrowanej z udziatlem jonéw weglanowych (rownanie 7).

CO2q) + COs* + H,0 = 2HCO5 (7)
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Mimo ze to weglany i wodoroweglany sg kluczowe dla regulacji pH oceandéw, inne jony moga réwniez
petni¢ role akceptorow protondow. Nadmiar akceptoréw protondow nad ich donorami (czyli zasad nad
kwasami), opisujacy pojemnos$¢ buforowa wody morskiej, definiuje si¢ jako zasadowos¢ catkowitg (TA
— ang. total alkalinity) (Wolf-Gladrow i in., 2007). TA w wodzie morskiej jest wyznaczana jako suma
stezen zasad (wodoroweglanow, weglandow, boranéw, krzemiandéw itd.) pomniejszona o st¢zenia
kwasow (réwnanie 8).

TA = [HCO:] + 2[CO:* ] + [B(OH)s] + [OHT] + [HPO4*] + 2[PO4* ] + [H3SiO4] + [NH;] + [HST -
[H'] - [HSOq4] - [HF] - [H3PO4] — [HNOz] + [pozostale zasady — pozostate kwasy] (8)

Poniewaz TA w duzej mierze zalezy od zasolenia, pozostaje ona relatywnie stata w wodach otwartych,
podczas gdy w wodach przybrzeznych wykazuje znaczng zmienno$¢ czasowsg i przestrzenng.
Dominujacy udziat w TA (zazwyczaj ok. 90%), niezaleznie od lokalizacji, maja wodoroweglany i
weglany. Jednak w wodach przybrzeznych, estuariach i fiordach inne substancje, ktore sa zazwyczaj
pomijalne, moga odgrywac istotng rol¢ ze wzgledu na ich podwyzszone stezenia. Przyktadem takich
substancji sg zwiazki organiczne o wilasciwosciach kwasowo-zasadowych, ktére w wodach o
podwyzszonym stezeniu materii organicznej moga mie¢ istotny udzial w TA (Hunt i in., 2011; Kulinski
iin., 2017).

Do opisu struktury uktadu weglanowego w wodzie morskiej zazwyczaj stosuje si¢ cztery mierzalne
parametry. Zachowanie masy definiuje (1) DIC. Bilans fadunkéw charakteryzuje (2) TA. Specjacje
nieorganicznych form wegla kontroluje (3) pH. Potencjal wymiany wegla nieorganicznego miedzy
atmosferg a wodg morskg jest okreslany przez (4) ciSnienie czastkowe CO2 w wodzie morskiej (pCO»)
(Dickson i in., 2007).

W dobrze scharakteryzowanych wodach oceanu otwartego te cztery zmienne mozna oblicza¢ za
pomoca rownan rownowagowych sprzezonych z modelami termodynamicznymi (tzw. ang. ion-pairing
models). Do obliczen wymagane sa dwie z czterech zmiennych oraz temperatura i zasolenie. Oprocz
TA, DIC, pH i pCO,, modele te pozwalaja rowniez oszacowaé udzial i stezenie rdznych
nieorganicznych form wegla, w tym CO;*. Stezenie COs> jest z kolei wykorzystywane do okreslenia
pozioméw nasycenia wod aragonitem (Qar) i kalcytem (Qcal), ktére sa formami krystalicznymi
weglanu wapnia (CaCOs3) wykorzystywanymi przez organizmy kalcyfikujace do budowy ich
egzoszkieletow. Powoduje to, Zze oba te parametry sg jednoczes$nie kluczowe dla zrozumienia stanu
ekosystemu 1 jego wrazliwosci na OA. Jednak w wodach przybrzeznych obecnosé sktadnikow wody
morskiej niescharakteryzowanych w modelach parowania jondéw (takich jak np. zwiazki organiczne o
wiasciwosciach kwasowo-zasadowych) moze powodowaé bledy (czasami duze), wyrazajace si¢ w
przeszacowaniu lub niedoszacowaniu obliczanych parametrow, w tym Qar i Qcal.

Ocean Arktyczny jest szczegdlnie wydajny w pochtanianiu antropogenicznego CO: ze wzgledu na
podwyzszong rozpuszczalno$¢ gazow w jego zimnych wodach, co z kolei sprawia, ze region ten jest
réwniez wyjatkowo wrazliwy na zakwaszanie (von Schuckmann i in., 2024). Co wigce], rosnace
temperatury zwigkszajg zasieg obszarow wolnych od lodu morskiego i wydtuzaja czas trwania okresow
bezlodowych, co wzmaga wymiane CO, migdzy morzem a atmosferg. Zakwaszanie jest dodatkowo
wzmacniane przez wystadzanie wody morskiej spowodowane naptywem wodd z topniejacych
lodowcow i lodu morskiego, co prowadzi do zmniejszenia st¢zenia TA, a tym samym pojemnosci
buforowej w powierzchniowej warstwie wod (Zhang i in., 2020). Ponadto istotnym zroédtem wody
stodkiej dla Oceanu Arktycznego pozostaje doptyw rzeczny. Mimo ze Ocean Arktyczny stanowi
zaledwie 1% catkowitej objetosci oceandw, to dociera do niego okoto 11% globalnego sptywu z ladu,
a efekt ten dodatkowo nasilit si¢ w ostatnich dekadach na skutek wzrostu opadow w zlewniach (np.
Capelle i in., 2020 i cytowana tam literatura). Z drugiej strony, zwickszajaca si¢ powierzchnia wolnych
od lodu, otwartych wod 1 wzrost doptywu sktadnikéw odzywczych zwiekszyty produkcje pierwotna
netto (NPP— ang. net primary production). Mechanizm ten zmniejsza st¢zenie CO> 1 podnosi pH w
warstwie eufotycznej, przeciwdziatajac OA.
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Istnieje zatem bezposredni mechanizm sprzezenia zwrotnego miedzy zmianami w kriosferze Arktyki,
wymiang CO: przez powierzchni¢ morza oraz NPP, ktore przesuwaja rownowage weglanows, a tym
samym oddziatuja na OA, w réznych kierunkach. Aby iloSciowo okresli¢ obecne i prognozowaé
przyszle zmiany w obiegu wegla w Arktyce, a takze zmiany pH wod morskich, konieczne jest
zidentyfikowanie zmian w morskim systemie weglanowym i przypisanie gléwnych czynnikéw
napedzajacych te zmiany. Pomimo znacznego narazenia wod powierzchniowych Arktyki na OA,
wplyw poszczegélnych czynnikoéw na zmiany pH pozostaje nierozpoznany.

Ponadto, ze wzgledu na trudne warunki $rodowiskowe i ograniczenia logistyczne, nadal mato jest
bezposrednich pomiardéw systemu weglanowego w wodach Arktyki. W wigkszosci przypadkow mierzy
si¢ tylko dwie (z czterech) zmienne opisujace rownowage weglanows, a pozostate oblicza si¢ za
pomoca modeli termodynamicznych. Dzieje si¢ tak pomimo silnego wptywu wod roztopowych i
rzecznych oraz zwigkszonej produkcji pierwotnej, ktore moga powodowaé nietypowy skiad wody
morskiej, wptywajac tym samym na jako$¢ wynikow modelowych. Chociaz podejrzewa sie, ze
dokladno$¢ modeli termodynamicznych moze by¢ ograniczona, szczegélnie w obszarach
przybrzeznych Arktyki, do tej pory nie przeprowadzono zadnych specjalistycznych analiz
okreslajacych niepewnosc¢ obliczanych wartoS$ci. Brakuje réwniez badan przedstawiajacych jasne
wytyczne w zakresie uzyskiwania miarodajnych danych systemu weglanowego z wykorzystaniem
metod numerycznych. Wytyczne te moglyby stanowic¢ podstawe dla dalszych badan nad OA,
strumieniami wegla oraz oceng stanu ekosystemow morskich w regionie Arktyki.

Niewystarczajaca liczba pomiardw 1 potencjalne ograniczenia jakoS$ci matematycznie okreslonych
zmiennych systemu weglanowego to nie jedyne problemy. Wysoka zmienno$¢ przestrzenna (w tym
pionowa) i czasowa morskiego systemu weglanowego w arktycznych wodach przybrzeznych
sprawiajg, ze jego charakterystyka, a tym samym badania OA, s3 trudne. Pobieranie probek roznych
parametréw systemu weglanowego (i innych parametréw biogeochemicznych) najczesciej odbywa sie
przy uzyciu batometréow, ktore ograniczaja rozdzielczo$¢ pionowsg zbieranych probek. Brak systemu
umozliwiajacego ciagle i 0 wysokiej rozdzielczosci pionowej pobieranie probek wody dla ré6znych
zmiennych morskiego systemu weglanowego ogranicza mozliwosci badania szybkich przemian
biogeochemicznych w strefie eufotycznej, gdzie topniejacy l6d morski, splyw kontynentalny,
wymiana CQO; miedzy morzem a atmosfera oraz produkcja pierwotna oddzialuja jednoczes$nie i
maja najwiekszy wplyw.

Hipotezy badawcze

Biorac pod uwagg obecny stan wiedzy na temat morskiego systemu weglanowego w wodach Arktyki,
a takze potrzeby badawcze wynikajace z niedostatkow w jego zrozumieniu, postawiono nastepujace
hipotezy badawcze:

1. Pomimo bezposredniego wptywu wod z topnienia lodu morskiego na TA i DIC, to produkcja
pierwotna netto jest glownym czynnikiem warunkujacym zmiany pH w warstwie
powierzchniowej otwartych wod Arktyki w sezonie letnim.

2. Doktadno$¢ parametrow systemu weglanowego obliczanych przy uzyciu modeli
termodynamicznych jest nizsza w arktycznych obszarach przybrzeznych w pordéwnaniu z
wodami otwartego oceanu, co ogranicza jako$¢ badan nad zakwaszaniem oceanow (OA).

3. Pomiary i pobieranie z duza rozdzielczoscig pionowa probek charakteryzujacych morski
system weglanowy ujawniajg drobnoskalowg zmienno$¢ biogeochemiczng w warstwie
powierzchniowej, wywotang przez doptyw rzeczny oraz topnienie lodu morskiego/lodowcow
w arktycznych obszarach przybrzeznych.
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Cele

Glownym i nadrzednym celem niniejszej rozprawy doktorskiej bylo dostarczenie nowej wiedzy na
temat struktury i zmienno$ci morskiego systemu weglanowego w niedostatecznie zbadanych wodach
Arktyki, w tym w zlozonych biogeochemicznie obszarach przybrzeznych. Badania skupily si¢ na
dostarczeniu wysokiej jako$ci danych z atlantyckiego sektora Arktyki, aby umozliwi¢ powigzanie
zmienno$ci morskiego systemu weglanowego z wplywem wod rzecznych i roztopowych, produkeji
pierwotnej oraz temperatury. Szczegotowe cele badawcze obejmowaty:

I.  Charakterystyke migdzyrocznej zmiennosci przestrzennej morskiego systemu weglanowego w
wodach powierzchniowych Cie$niny Fram oraz identyfikacje¢ 1 ilosciowe okreslenie glownych
fizycznych i biologicznych czynnikow odpowiedzialnych za te przemiany.

II.  Identyfikacje ograniczen jako$ciowych w stosowaniu termodynamicznych modeli do
obliczania TA, DIC, pH i pCO: w otwartych i przybrzeznych wodach Arktyki oraz opracowanie
zwieztych wytycznych na temat sposobu uzyskiwania wysokiej jakosci danych o systemie
weglanowym.

II.  Opracowanie rozwigzania do jednoczesnego zbierania probek wszystkich czterech mierzalnych
parametréw systemu weglanowego (oraz innych zmiennych biogeochemicznych) z wysoka
rozdzielczoécia pionowa w uwarstwionych, zlozonych biogeochemicznie wodach
przybrzeznych.

Obszar badan

Badania przeprowadzono gléwnie w regionie péinocnego Atlantyku, a w szczegdlnosci w Morzu
Grenlandzkim i Cie$ninie Fram, a takze na zachodnim szelfie Svalbardu, w tym w przylegtych fiordach.
Region ten jest uznany za jeden z obszarow najefektywniej pochtaniajacych atmosferyczny CO; (np.
Landiin., 2013), a jednoczesnie za jeden z najbardziej produktywnych obszaréw Arktyki (Cherkasheva
1 in., 2025; Slagstad i in., 2015). Znany jest on roOwniez z intensywnej wymiany ciepta i mieszania
r6znych mas wodnych, gdzie prad wschodniogrenlandzki transportuje zimne, nisko zasolone wody
wraz 7z lodem morskim na potudnie wzdluz szelfu Grenlandii. Z drugiej strony, prad
zachodniospitsbergenski niesie ciepte, bardziej stone wody na potnoc wzdluz szelfu kontynentalnego
archipelagu Svalbard (Beszczynska-Moller i in., 2012). Co wigcej, Morze Grenlandzkie stanowi
gtownag droge eksportu dla arktycznego lodu morskiego (Spreen i in., 2020), a powstajaca w wyniku
tego woda roztopowa zmniejsza zasolenie wod powierzchniowych. Wszystko to sprawia, ze wody
powierzchniowe w tym regionie, tak aktywnie absorbujace CO, i tym samym silnie narazone na
zakwaszanie, charakteryzuja si¢ dynamicznymi interakcjami miedzy réznymi masami wodnymi o
szerokim zakresie wlasciwosci fizycznych, biologicznych i chemicznych (np. temperatura, zasolenie,
stezenie biogenow oraz produkcja pierwotna netto). Stanowi to idealny uktad do rozdzielenia i
ilosciowego okreslenia wplywu réznych czynnikéw ksztattujacych przestrzenng i czasowa zmiennos¢
morskiego systemu weglanowego w wodach otwartych — zagadnienie to zostalo zglebione w
Publikacji 1.

Ponadto znaczny doptyw stodkiej wody do strefy przybrzeznej Svalbardu (rzeki oraz woda z topnienia
lodu morskiego/lodowcéw) oraz do otwartych wod Morza Grenlandzkiego (woda z topnienia lodu
morskiego) powoduje spadek TA, a tym samym obnizenie zdolnosci buforowej wody morskiej na
zmiany pH, co zwigksza podatnos¢ tych obszaré6w na OA. Jednoczesnie wraz z nasilonym efektem
zakwaszania, doptyw stodkiej wody moze komplikowaé¢ same badania nad OA, powodujac anomalie
jonowe i dostarczajac substancje nieorganiczne i organiczne o niescharakteryzowanych wtasciwosciach
kwasowo-zasadowych. Moze to prowadzi¢ do btedow przy wyznaczaniu parametréw systemu
weglanowego, z wykorzystywaniem modeli termodynamicznych. Badania w tym zakresie sg opisane
w Publikacji 2.

Co wigcej, rozprzestrzenianiu si¢ wystodzonej wody towarzysza czegsto gwattowne zmiany zasolenia i
parametréw biogeochemicznych oraz stratyfikacja kolumny wody, co sprawia, ze precyzyjne
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probkowanie parametrow systemu weglanowego jest wyzwaniem. Ten ostatni aspekt zostal zbadany w
Publikacji 3, ktora, oprocz badan na wodach Pénocnego Atlantyku, zostata wzbogacona o dodatkowe
pomiary przeprowadzone w Morzu Battyckim — basenie charakteryzujgcym si¢ wysokim sptywem
rzecznym i znacznymi gradientami biogeochemicznymi w kolumnie wody.

Metody

Trzy publikacje wchodzace w sktad niniejszej rozprawy opierajg si¢ w duzej mierze na moich wtasnych
pomiarach temperatury, zasolenia, pH, pCO,, TA i DIC, przeprowadzonych we wschodniej czesci
Morza Grenlandzkiego i w Cies$ninie Fram (latem 2021 i 2024 r.), na szelfie kontynentalnym i w
fiordach zachodniego wybrzeza Svalbardu (latem 2021 i 2022 r.) oraz w Morzu Battyckim (wiosng
2024 r.). W przypadku Publikacji 1, zebrane przeze mnie w 2021 r. dane z wod otwartych zostaty
potaczone z istniejaca bazg danych obejmujaca ten sam zestaw zmiennych z 2019 i 2020 r. w tym
samym regionie.

Metodyka analityczna wykorzystana w moich eksperymentalnych badaniach doktoranckich
obejmowata:

e Pomiary pCO, uzyskano z fazy gazowej (ang. headspace) ekwilibratora przeptywowego
wyposazonego w dodatkowy natryskowy rozpylacz wody, przy uzyciu detekcji CRDS w
spektroskopie G210-I (Picarro) — system ten zostat szczegétowo opisany przez Stokowskiego
i in. (2021). Do ekwilibratora doprowadzano w sposob ciggly wode morska z pompy
umieszczonej w kingstonie (woda powierzchniowa) i/lub z pompy zanurzalnej (ang.
»carbonate profiler”) w przypadku Publikacji 3. Aby oszacowa¢ zmiany temperatury podczas
transportu rurociggiem od ujecia w morzu do laboratorium, temperature rejestrowano na wlocie
do uktadu oraz w ekwilibratorze, gdzie przeprowadzane bytly pomiary.

e pH mierzono na skali catkowitej (Clayton i Byrne, 1993) metoda spektrofotometryczng z
wykorzystaniem purpury m-krezolowej (m-CP) przy uzyciu systemu HydroFIA pH
(CONTROS, 4H JENA Engineering GmbH).

e Stezenie DIC (umol kg™) oznaczano poprzez zakwaszenie probek i pomiar powstatego CO-
(Chen i in., 2015). Wykorzystano do tego automatyczny analizator DIC (Apollo SciTech Inc.)
wyposazony w detektor CO, Li7815.

e Stezenie TA w probkach (umol kg™') oznaczono metoda potencjometrycznego miareczkowania
w ukladzie zamknigtym, zgodnie z zalozeniami Dicksona i in. (2007). Co istotne, wszystkie
pomiary TA i DIC zostaly wykonane w odniesieniu do certyfikowanych materiatdw
referencyjnych (CRM) dostarczonych przez Marine Physical Laboratory, Scripps Institution of
Oceanography, University of California, San Diego (Dickson i in., 2003).

o Ciggle pomiary zasolenia i temperatury w ruchu statku (ang. underway) wykonywano za
pomoca termosalinografu SBE 21 SeaCAT oraz dodatkowego czujnika temperatury SBE 38
umieszczonego na wlocie wody do systemu, mierzacego temperatur¢ in sifu (Sea-Bird
Scientific). W przypadku badan w kolumnie wody, dane o temperaturze i zasoleniu zostaty
zebrane za pomocg sondy SBE9/11, Sea-Bird Scientific.

¢ Obliczenia zmiennych morskiego systemu weglanowego (DIC, TA, pH i pCO,) wykonano przy
uzyciu programu CO2SYS w wersji EXCEL 2.3 (Publikacja 1) oraz zaktualizowanej wersji
EXCEL CO2SYS udostepnionej przez Orr i in. (2018) (Publikacje 2 i 3).

Szczegdlowy opis procedur pobierania probek, ich konserwacji oraz technik analitycznych zostat
zawarty w poszczeg6lnych publikacjach. Dotyczy to rowniez zmiennych pomocniczych (np. stezenia
fosforanow, krzemianéw i nasycenia tlenem). Ponadto niektére dane z lat 2019 i 2020 mierzono przy
uzyciu innych analizatoréw (lecz przy zastosowaniu tej samej metodologii) - szczegdly analityczne w
tym zakresie opisano w Publikacji 1.
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Przeglgd wynikow

Ninigjsze streszczenie zawiera jedynie krotkie opisy uzyskanych wynikéw. Bardziej szczegdtowe
informacje mozna znalez¢ w poszczegdlnych publikacjach sktadajacych sie na t¢ rozprawe doktorska.

Aby zrealizowac pierwszy cel badawczy, w Publikacji 1 przeanalizowano i przedstawiono przestrzenna
oraz migdzyroczng zmienno$¢ systemu weglanowego (TA, DIC, pH i pCO,), oraz temperatury i
zasolenia na podstawie danych zebranych w latach 2019, 2020 i 2021 w wodach powierzchniowych
Ciesniny Fram i wschodniej czgSci Morza Grenlandzkiego. Wyniki pokazuja, Zze obszar badan
charakteryzowat si¢ znaczng przestrzenng zmiennos$cig hydrodynamiczng, co odzwierciedlaty zmiany
zasolenia (od 30,0 do 35,2) i temperatury (od -0,5°C do 8,5°C). Stezenia TA wyraznie podazaty za
zmianami zasolenia, co sugeruje konserwatywne mieszanie TA. Ekstrapolacja silnej korelacji liniowej
miedzy tymi dwoma parametrami wskazuje, ze stezenie TA w wodzie stodkiej wynosito 420 umol kg™.
Jest to zgodne z wczesniej raportowanymi warto$ciami dla lodu morskiego (441 pmol kg™) (Rysgaard
i in., 2007), co wskazuje na wody pochodzace z jego topnienia jako gtowny czynnik powodujacy
zmiany TA w tym obszarze.

Do opisania wptywu wdd z topnienia lodu morskiego na DIC wykorzystano liniowg zalezno$¢ miedzy
wczesniej opublikowanymi danymi dla DIC w lodzie morskim (Rysgaard i in., 2007) a zimowym
stezeniem DIC w wodach powierzchniowych (Publikacja 1 i cytowana tam literatura). Nastgpnie
stezenia DIC wyznaczone za pomoca tej funkcji na podstawie zmierzonego zasolenia poréwnano ze
zmierzonymi wartosciami DIC (Publikacja 1, Ryc. 5), a rdznicg migdzy nimi przypisano produkcji
pierwotnej netto. Wyniki wykazaty, ze NPP odgrywa wazna, cho¢ drugorzgdng role w przestrzennej i
miedzyrocznej zmienno$ci DIC w wodach powierzchniowych i ma raczej niewielki wptyw na zmiany
TA.

Badania wykazaty takze, ze migdzyroczny rozktad przestrzenny zasolenia i temperatury w rejonie
badan jest wyraznie skorelowany z procentowym udziatem obszaru pokrytego lodem morskim. Rok o
najmniejszej pokrywie lodowej (2021, z 16,7% powierzchni pokrytej lodem) byt jednoczesnie rokiem
0 najnizszych temperaturach i najnizszym zasoleniu wod powierzchniowych. Analogicznie, rok z
najwickszym obszarem pokrytym lodem (2019, 49,9%) byl rokiem o najwyzszym zasoleniu i
temperaturze w powierzchniowej warstwie. Dowodzi to, Ze objetos¢ stopionego latem lodu morskiego
odgrywa gtowna role w migdzyrocznych zmianach rozktadu temperatury powierzchni morza, zasolenia,
a w konsekwencji rowniez TA i DIC w obszarze badan.

Ze wzgledu na wyrazny i silny wptyw waod z topnienia lodu morskiego na zmienno$¢ TA i DIC, uzyto
termodynamicznego modelu (CO2SYS) w celu weryfikacji hipotezy 1) i sprawdzenia, czy zmiennos$¢
ta ma nadal mniejszy potencjat oddziatywania na pH wody morskiej niz NPP. Przeprowadzone badania
wykazaly, ze NPP byla w istocie gtéwnym procesem warunkujagcym zmienno$¢ pH w tym regionie
(Publikacja 1, Ryc. 9). Ze wzgledu na duza zmienno$¢ miedzyroczna, NPP odpowiadata za zmiany pH
w wodach powierzchniowych w zakresie od 0,10 w niektorych latach do 0,22 w innych. Z kolei
zmienno$¢ temperatury i zasolenia w obszarze badan odpowiadata za zmiany pH odpowiednio do 0,14
1 0,1. Analizy wykazaty rowniez, ze niewielka czg$¢ zmiennosci pH w regionie (do ok. 0,02) moze
wynika¢ z proceséw i/lub nietypowych sktadnikoéw wody morskiej, nieuwzglednionych w powszechnie
stosowanych modelach termodynamicznych (okreslonych w Publikacji 1 jako niespdjnosci).

Publikacja 1 realizuje pierwszy cel badawczy, a przedstawione wyniki potwierdzaja pierwsza
hipoteze: wysoka przestrzenna i miedzyroczna zmienno$é TA i DIC latem w powierzchniowych
wodach Poélnocnego Atlantyku, bedaca wynikiem zmian zasolenia (lub objetosci wod
doplywajacych z topnienia lodu morskiego), nie jest glownym czynnikiem ksztaltujacym
zmienno$¢ pH (oraz pCO»), ktora z kolei jest regulowana przede wszystkim przez NPP.

Oprocz wynikow wykorzystanych do zweryfikowania pierwszej hipotezy, Publikacja 1 dostarczyta
réwniez danych pCO, o wysokiej rozdzielczosci przestrzennej zebranych w latach 2019, 2020 1 2021.
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Wykazatly one, Ze inne $rednio- i matoskalowe procesy fizyczne (np. wiry) moga przyczyniaé si¢ do
gwattownych zmian pCO;, a tym samym w calym morskim systemie weglanowym. Mechanizmow
odpowiedzialnych za te zmiany nie mozna jednak zrozumie¢ wylacznie na podstawie pomiarow
powierzchniowych. Aby opisaé i okresli¢ ilo§ciowo te procesy, konieczne bytyby pomiary pCO», a
takze zebranie innych zmiennych systemu weglanowego, z wysoka rozdzielczo$cig pionowg w gornej
czesdei kolumny wody. Wyniki te potwierdzaja zatem zasadno$¢ trzeciej hipotezy i trzeciego celu
badawczego, wskazujac na potrzebe precyzyjnych pomiaréw w kolumnie wody (w tym przypadku
pCO2) w celu zrozumienia mechanizmow ksztattujacych zmienno$¢ systemu weglanowego w warstwie
powierzchniowe;j.

Wryniki Publikacji 1 pokazaly rowniez wyraznie, ze termodynamiczny model wody morskiej moze
generowac btedy przy obliczeniach pH z powodu nietypowych proceséw i sktadnikéw wody morskiej
— jest to zagadnienie poruszone w drugiej hipotezie i drugim celu badawczym. W Publikacji 1 warto$¢
pH zostata obliczona na podstawie DIC i TA, zgodnie z planem badania. Jednak w takich obliczeniach,
ktore czesto stanowia podstawe badan nad zakwaszaniem oceandw, mozna stosowac rozne kombinacje
wszystkich czterech zmiennych systemu weglanowego, a ostateczne bledy moga sie rozni¢c w
zalezno$ci od wybranej pary parametréw wejsciowych. Aby podsumowac i zrozumie¢ ograniczenia
powszechnie stosowanego modelu termodynamicznego, zgodnie z drugim celem badawczym,
wykorzystano dane oceaniczne i przybrzezne zebrane w 2021 r. (Publikacje 1 i 2) do poréwnania
obliczonych wartosci TA, DIC, pH i pCO; z pomiarami (Publikacja 2). Rozrzut réznic migdzy
wartosciami zmierzonymi a obliczonymi jest powszechnie raportowane w podobnych badaniach jako
warto$¢ Srednia roznic wraz z ich odchyleniem standardowym. Takie podejscie statystyczne nie
odzwierciedla jednak doktadnie rozproszenia danych wokot ,,warto$ci rzeczywistych”. W Publikacji 2,
w ramach wytycznych dla badan nad OA, zaproponowano zastosowanie 68. percentyla, wraz z
uzasadnieniem tego wyboru.

Wraz z metodg raportowania btedéw, w Publikacji 2 zaproponowano punkt odniesienia dla badan nad
OA, rozdzielajacy dane ,,dobrej jakosci” od danych ,,ztej jakosci”, oparty na tzw. ,,progach jakosci
pogodowej” (ang. weather-quality thresholds) (Newton i in. 2014). W naszym zbiorze danych prog
miedzy dobra a niska jako$cig odpowiadal niepewnosci wynoszacej odpowiednio 10 umol kg™ dla DIC
1 TA, 0,020 dla pH oraz 7 patm dla pCO:x.

Szczegdtowa analiza bledow oszacowanych dla probek z przybrzeznej i oceanicznej Arktyki zostata
przedstawiona w Publikacji 2, natomiast podsumowanie oceny jako$ci znajduje si¢ w Tabeli 4 tej
publikacji. Wyniki wskazuja, ze wysoka jakos$¢ obliczen mozna uzyska¢ dla probek oceanicznych. W
obliczeniach nalezy jednak bezwzglednie unika¢ pary wejsciowej pH i pCO,. Z kolei wartosci
obliczone dla obszarow przybrzeznych zazwyczaj s3 niskiej jakosci. Jedynie pH i pCO, moga by¢
obliczane z duza doktadnoscia: dla pH przy uzyciu par wejsciowych TA i pCO; lub DIC i pCO», a dla
pCO: przy uzyciu pary wejsciowej DIC i pH.

Oproécz parametrow wejsciowych systemu weglanowego zaleca si¢ rowniez uwzglednienie stgzen
fosforanoéw 1 krzemianéw, poniewaz moga one bezposrednio wptywaé na rownowage weglanows, a
tym samym na jako$¢ obliczen. Ocena wkiadu tych dwoch parametrow wejsciowych wykazata, ze ich
pomini¢cie w obliczeniach generuje btad od 1,9% do 7,2%.

Rozwdj czujnikdéw zdolnych do zbierania in situ danych pH i pCO; z wysoka rozdzielczo$cia czasowa
otworzyl nowe mozliwosci badania OA w wodach Arktyki. Niestety nasze badania pokazuja, ze pH i
pCO, nie moga by¢ stosowane jednoczes$nie jako parametry wejsciowe do obliczania innych
zmiennych. Dlatego w Publikacji 2 oceniamy mozliwo$¢ wykorzystania TA oszacowane] z zasolenia
(TAs) przy uzyciu liniowej zaleznosci opracowanej na podstawie zebranego zbioru danych. Wyniki
pokazuja, ze uzycie TAs wraz z pH Iub pCO, generuje nieco wicksze bledy (niz przy wykorzystaniu
zmierzonych wartosci TA), ale ogélnie dane sg dobrej jakosci. Otwiera to nowe perspektywy dla
dlugoterminowych badan nad OA, obiegiem wegla i stanem ekosystemow w przybrzeznych obszarach
Arktyki.
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Wyniki uzyskane w Publikacji 2 pokazuja, ze niepewnos$¢ bezwzgledna dla obliczen parametréw
morskiego systemu weglanowego jest znacznie wieksza w rejonach przybrzeznych niz w wodach
oceanicznych, co pozytywnie weryfikuje hipoteze 2. Publikacja 2 nie tylko wskazuje na
ograniczenia w stosowaniu modeli termodynamicznych w przybrzeznych i oceanicznych wodach
Arktyki, ale takze dostarcza zwiezlych wytycznych dla spolecznosci naukowej, ktére maja poméc
w prowadzeniu wysokiej jakosci badan nad OA w tym wrazliwym regionie.

Aby zrealizowac trzeci cel badawczy 1 uzyska¢ pionowe profile zmiennych systemu weglanowego (w
tym pCO») o wysokiej rozdzielczosci w silnie stratyfikowanych wodach (np. w poblizu uj$¢ rzek i wod
roztopowych z lodowcow), zaproponowano nowe podejscie do pobierania probek (Publikacja 3).
Zaprojektowany system sktada si¢ z powszechnie stosowanej w oceanografii sondy CTD (Sea-Bird
19plus, Sea-Bird Electronics, Inc., Bellevue, Waszyngton, USA) potaczonej z pompa zanurzeniows,
tworzacych razem uktad typu PUMP-CTD, ktory nastepnie zintegrowano z tradycyjna jednostkg do
pomiaru cigglego pCO, opartg na ekwilibratorze przeptywowym. System ten nazwano ,,profilerem
weglanowym” (ang. carbonate profiler). Zestaw ten umozliwia pomiar temperatury i zasolenia in situ
oraz transport wody morskiej z wybranych gtebokosci do laboratoriow na statku badawczym w celu
cigglego pomiaru pH i pCO; i jednoczesnego pobierania probek TA i DIC (i innych zmiennych
biogeochemicznych) z wysoka rozdzielczo$cig pionowa w kolumnie wody.

W celu zademonstrowania mozliwosci tak zaprojektowanego systemu do pobierania probek,
przeprowadzono w wodach oceanicznych Poinocnego Atlantyku test spojnosci podobny do tego
przedstawionego w Publikacji 2 (Publikacja 3, Ryc. 3). Wykazano w nim doskonata zgodno$¢ miedzy
pCO; zmierzonym w kolumnie wody a pCO, obliczonym na podstawie réwnolegle zbieranych probek
TA i pH z kolumny wody. Srednia réznica miedzy obiema wartosciami pCO, wynosita zaledwie X (SD)
= 0,9 (#4,5) patm, co potwierdza wysoka jako$¢ systemu pozwalajagcego na potgczenie pomiaréw
cigglych i zbierania probek dyskretnych.

Drugi test jakosci przeprowadzono w ujéciu Wisty (Morze Battyckie). Zebrano probki oraz wykonano
pomiary TA, DIC, pH, pCO., zasolenia i temperatury z czterech profili pionowych (co 6 godzin)
(Publikacja 3, Ryc. 5). Wysoka skuteczno$¢ profilera weglanowego zostata potwierdzona poprzez
powtarzalne i precyzyjne oszacowanie TA dla wody rzecznej (4069 umol kg™, SD +12 pmol kg™') na
podstawie ekstrapolacji wynikow wzgledem zasolenia z czterech pionowych profili.

Co wigcej, pomiary i pobieranie probek w metnych wodach roztopowych fiordow wysokiej Arktyki
wykazaty, ze dzigki zaprojektowanemu systemowi mozliwe jest zaobserwowanie gwattownych zmian
biogeochemicznych wywotanych doptywem stodkiej wody w gornych 5 metrach kolumny wody
(Hipoteza 3). Uzyskane wyniki nie tylko dowodza doskonatej wydajnosci tej metody pobierania probek,
ale takze dostarczaja dowodow na to, ze rozdzielczo$¢ pionowa 0,5 m jest mozliwa do osiagnigcia dla
wszystkich parametréw systemu weglanowego (publikacja 1, rysunek 6). Ponadto zalezno$¢ miedzy
TA a zasoleniem oszacowana na podstawie danych zebranych za pomoca zaprojektowanego systemu
do probkowania dostarcza nowej i unikalnej wiedzy na temat zakresu stezen TA w wodach stodkich
(od 790 do 1240 pmol kg™). Wyniki te pokazuja, ze doptyw wod rzecznych i roztopowych w rejonie
archipelagu Svalbard obniza zdolnos$¢ buforowa wody morskiej, redukujac jej potencjat do pochtaniania
atmosferycznego CO; i nasilajgc zakwaszanie wody morskie;j.

Badania przedstawione w Publikacji 3 potwierdzaja, Ze wdrozenie prostych modyfikacji do
technik pobierania probek pozwala na uzyskanie danych o wysokiej rozdzielczosci pionowej
dotyczacych systemu weglanowego w stratyfikowanych, dynamicznych obszarach przybrzeznych
oraz na rozwigzanie ich znacznej zmiennosci biogeochemicznej, co tym samym potwierdza
hipoteze 3.
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Whnioski

Wyniki i wnioski przedstawione w trzech publikacjach sktadajacych si¢ na niniejsza rozprawe
doktorska pomyslnie realizujg wszystkie cele i pozytywnie weryfikuja trzy hipotezy badawcze. Ponadto
praca ta wnosi nowatorski wktad w badania Arktyki, a jej kluczowe wnioski sa nastgpujace:

e Mieszanie si¢ wod z topnienia lodu morskiego i wod atlantyckich jest gtownym czynnikiem
wplywajacym na zmiany TA i DIC w warstwie powierzchniowej Ciesniny Fram i1 Morza
Grenlandzkiego.

e NPP, mimo ze wykazuje silng zmienno$¢ miedzyroczng, jest gldwnym czynnikiem
warunkujgcym pH w obszarach Morza Grenlandzkiego i Ciesniny Fram. Temperatura i
zasolenie odgrywaja rolg drugorzgdng (ale rowniez istotna) role.

e Wyznaczanie zmiennych morskiego systemu weglanowego z zastosowaniem modelu
termodynamicznego jest obarczone znacznie wigkszymi biedami dla woéd przybrzeznych
Arktyki niz dla wod oceanicznych.

e Tylko trzy kombinacje parametréw wejSciowych generuja dane dobrej jakoSci za pomocy
modelu parowania jondw dla wod przybrzeznych Arktyki: TA i pCO2, DIC i pCO; oraz DIC i
pH; nalezy unika¢ innych kombinacji, a zwtaszcza pary pCO; i pH.

e TA wyznaczana z zasolenia razem z pCO, mogg by¢ wykorzystywane do obliczania pH z
wysoka doktadnoscia, co otwiera nowe mozliwosci dla dlugoterminowych badan nad OA w
arktycznych wodach przybrzeznych.

e Doplyw wody rzecznej oraz wod z topnienia lodowcow i lodu morskiego generuje ztozone
gradienty biogeochemiczne w warstwach powierzchniowych arktycznych wod przybrzeznych
i obniza zdolno$¢ buforowa wody morskiej, redukujac jej potencjal do pochlaniania
atmosferycznego CO, i nasilajgc zakwaszanie wody morskie;.

e Latwe do wdrozenia i niedrogie modyfikacje systemu pobierania probek, taczace sond¢ CTD,
pompe zanurzeniowa i system do pomiaru ciaglego pCO., wypelniaja luke technologiczng w
badaniu zmiennosci systemu weglanowego w stratyfikowanych wodach przybrzeznych
Arktyki.
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The aim of this study was to decouple and quantify the influence of various biological and
physical processes on the structure and variability of the marine carbonate system in the
surface waters of the eastern part of the Fram Strait area. This productive region is
characterized by its complex hydrographic and sea ice dynamics, providing an ideal set
up to study their influence on the variability of the marine carbonate system. Different
variables of the marine CO, system: Total Alkalinity (TA), Dissolved Inorganic Carbon
(DIC), partial pressure of CO, (pCO,), and pH, were analysed together with temperature,
salinity, sea ice extension, and chlorophyll a distribution during three consecutive
summers (2019, 2020 and 2021), each of them having a unique oceanographic
setting. The data revealed that TA and DIC are mostly controlled by the mixing of
Atlantic water and sea ice meltwater. The combined effects of organic matter production/
remineralization, calcium carbonate precipitation/dissolution, and air/sea CO, gas
exchange cause deviations from this salinity-related mixing. The scale of these
deviations and the proportion between the effects observed for TA and DIC suggest
interannual shifts in net primary production and dominant phytoplankton species in the
area. These shifts are correlated with the sea ice extent and the spread of the Polar
Surface Waters in the region. Net primary production is the main factor controlling the
temporal and spatial variability of pH and pCO, in the study area followed by the influence
of temperature and, mixing of water masses expressed with salinity (seawater freshening).
Surface waters of the Fram Strait area were generally undersaturated in CO,. The lowest
pCO, values, coinciding with an increase in oxygen saturation, were observed in areas of
mixing of Arctic and Atlantic-derived water masses. However, as shown for 2021, a
reduction of the sea ice extent may induce a westward shift of the chlorophyll maximum,
resulting in pCO;, increase and pH decrease in the eastern part. This indicates that sea ice
extent and associated spread of Polar Surface Waters may be important factors shaping
primary production, and thus pCO, and pH, in the Fram Strait area.
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1 Introduction

Due to climate change driven by anthropogenic forces, the
Arctic Ocean is experiencing fast warming (Meredith et al., 2019).
The sea ice concentration and extension in the Arctic have
recently radically decreased in response to the increase in
temperatures (Carmack et al.,, 2016; Comiso et al., 2011; Haine
et al., 2015; Stroeve et al., 2012), and according to some future
climate projections it may seasonally even completely disappear
by mid-century (Peng et al., 2020). One of the expected
consequences is the expansion of open waters favouring the air-
sea CO, interchange. Up to today, between 116 + 4 and 166 + 60
TgC yr ' of atmospheric CO, is being taken up by the Arctic
Ocean (MacGilchrist et al., 2014; Yasunaka et al., 2023).
Consequently, the uptake of CO, by the ocean is changing
seawater chemistry, increasing dissolved inorganic carbon (DIC)
concentration and reducing pH and calcium carbonate saturation
state () (Ahmed et al., 2020; Bates and Mathis, 2009; Caldeira
and Wickett, 2003; Manizza et al., 2019; Yasunaka et al., 2016), a
process commonly known as Ocean Acidification (OA), which
represents a direct threat to calcifying organisms (Wittmann and
Portner, 2013; Kleypas, 2019).

The high solubility of CO, in cold polar regions makes them
especially sensitive to ocean acidification, particularly in areas
influenced by deep water upwelling (Qi et al., 2022), river runoft
(Capelle et al., 2020; Fransson et al., 2009; Koziorowska-Makuch
etal., 2023; Woosley and Millero, 2020), and sea-ice melting (Tynan
et al,, 2016; Zhang et al., 2020), with the latter two processes also
reducing the buffer capacity of surface waters, inducing rapid pH
changes. Moreover, the influence of sea-ice meltwater in surface
waters enhances stratification, reducing vertical fluxes of nutrients
and carbon, which has a direct impact on primary producers and
CO, uptake and sequestration (e.g. Tremblay et al., 2015). Quick
ice-melting events during summer are expected to become more
frequent in the following decades due to the overall Arctic warming
and the thinning of sea ice (e.g., Stroeve and Notz, 2018, and
references therein), enhancing the influence of freshened, low
alkalinity Arctic surface waters.

Moreover, the annual net primary production (NPP) in the
Arctic Ocean has increased in the last decades (Lewis et al., 2020), a
phenomenon that has been associated mostly with the expansion of
open waters due to the sea ice loss (Carmack et al., 2016; Comiso
et al,, 2011; Haine et al., 2015; Stroeve et al., 2012). Corresponding
to this change, biologically driven processes, such as primary
production (PP) and remineralization of organic matter (OM), as
well as the formation and dissolution of calcium carbonate, have a
strong influence on all parameters of the carbonate system (Chierici
etal, 2019; Wolf-Gladrow et al., 2007 and references therein), being
especially important for CO, partial pressure (pCO,) of surface
waters and thus anthropogenic carbon sequestration (Devries, 2022
and references therein).

This all shows a strong interconnection between Arctic
warming, sea ice extent, and NPP, and all these processes directly
influence the marine carbonate system. Therefore, to estimate and
project future changes in carbon sequestration and ocean
acidification, it is necessary to understand and quantify spatial
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and temporal variations in the marine CO, system caused by these
main drivers.

One of the most biologically productive sectors in the Arctic
region is the Fram Strait area (Pabi et al., 2008; Slagstad et al., 2015).
Being also the main gateway for sea ice export from the Arctic (e.g.,
Spreen et al., 2020), it provides a unique setting to study the
influence of the changes in the cryosphere and the biological
processes on the variability of the marine carbonate system in the
surface waters. Furthermore, it was already reported that factors
controlling changes in Fram Strait NPP are potentially associated
with variations in ice-free zones during the growing season (Kahru
et al, 2011; Arrigo and van Dijken, 2015), intensification of the
water column stratification due to increased ice melting (Mayot
et al., 2020), rising sea surface temperature (SST) (Cherkasheva
et al,, 2014), increase in nutrients availability (Krisch et al., 2020;
Tuerena et al,, 2021), and changes in the dynamics of the water
masses (Arrigo et al., 2017; Joli et al., 2018; Marchese et al., 2019).

However, Fram Strait is also the main gateway for water masses
and heat exchange between the Arctic Ocean and the North Atlantic
(Beszczynska-Moller et al., 2012). The distribution of water masses
and their interactions in Fram Strait are mainly controlled by the
East Greenland Current (EGC) and the West Spitsbergen Current
(WSC) (e.g., Beszczynska-Moller et al., 2012). The EGC brings cold
and low saline waters and sea ice southward from the Arctic and
follows the shelf slope east of Greenland (Halvorsen et al., 2015;
Hévik et al., 2017). The WSC carries warm and more saline
Atlantic-origin waters (AW) northward above the shelf break and
continental slope along the western Spitsbergen coast. Although
these main flows set up the water mass circulation in the area
(Beszczynska-Moller et al., 2012), salinity distribution in the first
meters of the water column is further modified by regional winds
(Tsukernik et al., 2010; Halvorsen et al., 2015), storms (Briimmer
et al,, 2001; Graham et al., 2019), mesoscale eddies (Hattermann
et al., 2016), sea ice melt (Marnela et al., 2013), recirculation of
Atlantic Water (de Steur et al,, 2014; Hattermann et al., 2016;
Marnela et al., 2013; Richter et al., 2018; Hofmann et al., 2021) and
evaporation-precipitation balance (Vihma et al.,, 2016). This
complex oceanographical setup produces an intense spatial and
temporal variation in NPP (Cherkasheva et al., 2014; Mayot et al.,
2020), sea ice dynamics (Halvorsen et al., 2015; Spreen et al., 2020)
and planktonic communities (N6thig et al., 2015 and references
therein), which add on top to the complexity of the carbonate
system in the region and make understanding its spatio-temporal
variability a challenging task.

The main goal of this study was to decouple and quantify the
influence of various biological and physical processes on the
structure of the marine carbonate system in the eastern Fram
Strait surface waters, including its spatial and interannual
variability. This was done by interpreting the results of the
marine carbonate system from summer seasons of three
consecutive years, each of which was analysed against the
background of a unique oceanographical setting such as
distribution of surface salinity and temperature, sea ice extent, as
well as chlorophyll a distribution. The first part of the manuscript
presents changes in total alkalinity (TA) and DIC, with particular
emphasis on how biological processes may influence them. The
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second part focuses on understanding and quantifying the main pH
and pCO, distribution drivers and their spatial variability. The last
part presents two hypothetical future scenarios, the first one where
the surface waters are highly influenced by meltwater from sea ice
and the second one with reduced influence of melted sea ice,
providing an understanding of how the warmer, fresher, and sea-
ice-reduced future will influence the marine carbonate system in the
Fram Strait surface waters.

2 Methods
2.1 Sampling

In 2019, 2020, and 2021, biogeochemical and hydrographic data
were collected from surface waters during the annually repeated
research cruises of RV Oceania under the Institute of Oceanography
Polish Academy of sciences (IOPAN) long-term Arctic research
monitoring program (AREX). The sampling area covered the
eastern part of the Fram Strait (Figure 1) extending from the west
coast of Svalbard to approximately the Greenwich meridian and
crossing the West Spitsbergen Current. The cruises of 2019 and
2021 were carried out from 21* June to 21% July, and in 2020,
sampling was realized two weeks later, due to restrictions related to
the Covid-19 pandemic, from 6" July to 8™ August, all coinciding
with the high melting season.

Surface seawater from a depth of 2.5 m was supplied with a
specially designed, and previously used by Stokowski et al. (2021),
plumbing system to the vessel’s laboratories for both underway
continuous measurements (salinity, temperature, pCO,, oxygen
saturation — O,, and pH) and for collecting discrete samples for
TA and DIC. The underway measurements of salinity, temperature,
pCO; and O, were taken at a one-minute resolution along the cruise
route, except for the year 2020, when salinity and temperature data
(due to the malfunctioning of the thermosalinograph) were
extracted from approx. 270 CTD profiles, taken at regular grid
within the sampling trajectory of the RV Oceania (Figure 1). The set
of high-resolution measurements was completed with pH measured
every 30 minutes. To allow comparing the spatial pH, pCO,, O,, T
and Sal distribution from different years and to calculate the average
values for each of them, all measurements collected for each year
were interpolated over a regular grid with a resolution of 0.002° x
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0.007° (latitude x longitude) using the weighted-average gridding
from Ocean Data View (Schlitzer, 2023).

In addition to the underway measurements, samples for TA and
DIC were collected using 250 mL borosilicate bottles at
approximately 30 stations homogeneously distributed across the
sampling area (Figure 2). Immediately after sampling they were
preserved using 100 uL HgCl, and stored in a refrigerator (between
2 and 5 °C) until they were analysed in the IOPAN laboratories.

Moreover, seawater sampling was supplemented by estimating
the sea ice extent for the date when half of the sampling cruise was
completed. This was done based on the data from the Advanced
Microwave Scanning Radiometer 2 (AMSR-2), University of
Bremen (seaice.uni-bremen.de, Spreen et al., 2008). The area with
more than 10% Sea Ice Coverage (10% SIC) was compared to the
total area of the investigated region. This was achieved by
measuring the total surface (number of pixels) representing water
in the chart and the surface of the area with SIC > 10%, the area was
measured in pixels (px). The investigated region was defined as the
area comprising approximately from the Fram Strait at 81.5°N to
74°N and from the Greenland coast to approximately the east coast
of the Svalbard archipelago (-20°W to 25°E). For visual comparison
of the SIC conditions in the sampling area, the 10% SIC line was
overlaid on spatial maps to indicate the variability of sea ice cover in
different years.

The surface chlorophyll distribution maps from July 2019, 2020,
and 2021 are a satellite-derived MODIS-Aqua monthly average
composite Chlorophyll a concentration (mg/m3) (NASA Ocean
Biology Processing Group, 2023) retrieved from https://
oceancolor.gsfc.nasa.gov/13/.

2.2 Measurement techniques and
laboratory analyses

2.2.1 Salinity and temperature

During 2019 and 2021, salinity and temperature were
continuously measured in the flow of surface water using an SBE
21 SeaCAT thermosalinograph (SeaBird) installed on board and
equipped with an additional temperature sensor SBE38 located at
the water inlet, both sensors were calibrated in every cruise shortly
before starting it. The temperature accuracy was + 0.01°C in both
instruments and the initial accuracy conductivity of the SBE 21

FIGURE 1

Location of the sampling area. The blue lines represent the trajectory of the RV Oceania, where continuous measurements were taken (temperature,
salinity, pH, pCO,, and O,). Figure created with Ocean Data View (Schlitzer, 2023).
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FIGURE 2

Study area with the location of the TA and DIC sampling locations (blue dots) during 2019, 2020 and 2021. The green dots in 2021 (right) show the
location of the water column profiles extracted from the “CarbonBridge productivity regimes in the Arctic Ocean” project dataset (Paulsen et al.,
2017) collected in January 2014. Figure created with Ocean Data View (Schlitzer, 2023).

SeaCAT-thermosalinograph was + 0.001 S/m. In 2020, the surface
salinity and temperature data were derived from CTD casts taken
with the SBE9/11+ system (SeaBird) installed on a water carousel,
which was calibrated shortly before the beginning of the cruise with
a temperature (conductivity) accuracy of 0.01°C (+ 0.001 S/m). All
data was averaged using the same grid resolution as explained in
section 2.1.

2.2.2 Partial pressure of CO,

The pCO, was measured with a precision/accuracy of 1.3 patm
using a system equipped with a cavity ring-down spectroscope
(CRDS) G2101-i (Picarro) connected to a bubble-type equilibrator
with an additional spray-type water diftuser (see Stokowski et al.,
2021 for a detail description of the method). The quality of the
CRDS was assured by regular measurements of pure nitrogen
(Linde 5.0) and artificial air with 205 and 507 ppm of CO,. The
temperature difference between the water inlet and equilibrator was
corrected using the relationship between temperature and pCO,
proposed by Takahashi et al. (1993).

2.2.3 Oxygen saturation

The O, measurements were performed in the same equilibrator
as for pCO, using a Fibox 4 equipped with a dipping optode
(PreSens GmbH, Germany). The optical sensor was calibrated
using N, and ambient air. The response time was set to 10
seconds, and the measurements assured the precision of + 0.3%
of the saturation values.

2.2.4 pH

The pH was measured using the HydroFIA pH
spectrophotometric system (CONTROS, 4H-JENA Engineering
GmbH) from the same surface water flow used for other
underway measurements. The quality of pH results was proved
with repeated measurements (at 25°C) of the certified TRIS buffer
(TRIS-CRM-T37) provided by A.G. Dickson (Scripps Institution of
Oceanography, USA). The instrument yielded a precision of 0.002
pH units and an accuracy of 0.003.

2.2.5 Dissolved inorganic carbon

DIC samples from 2019 were measured on a Shimadzu TOC-L
analyzer at the Institute of Oceanology of the Polish Academy of
Sciences (IO PAN) in Poland. Samples collected in 2020 were
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measured at the Helmholtz-Zentrum Hereon (Germany) using a
VINDTA 3C (Versatile INstrument for the Determination of Total
dissolved inorganic carbon and Alkalinity) based on coulometric
titration (Johnson et al., 2000). The samples collected in 2021 were
measured on an automated DIC AS-C6L analyzer (Apollo SciTech)
at the IOPAN.

2.2.6 Total alkalinity

The analysis of the samples collected in 2019 and 2021 for TA
was made on an automated, open-cell potentiometric titration
system developed by Andrew Dickson (Scripps Institution of
Oceanography/UCSD, USA) (Dickson et al., 2007), while in 2020
using VINDTA 3C based on close-cell potentiometric titration.

For all DIC and TA measurements, the accuracy was ensured
using certified reference materials (CRMs, batches no. #190 and
#195) from A.G. Dickson (Scripps Institution of Oceanography,
USA). These were also used for quantification of the precision for
each of the used instruments, which was not worse than + 3 pumol
kg™ for DIC and + 4 ymol kg™ for TA.

2.3 Calculations of the marine
carbonate system.

Quantifying the influence of different biological and physical
parameters on the marine CO, system was done for sampling
locations for which the complete data set was collected, including
DIC, TA, pH, pCO,, salinity, and temperature. The computations of
the carbonate system were done using version 2.3 of the CO2SYS
program for Excel (Microsoft) (Lewis et al., 1998). Previous studies
(Chen et al.,, 2015; Chierici and Fransson, 2009; Raimondi et al.,
2019; Woosley et al,, 2017) suggested that the carbonic acid
dissociation constants guaranteeing the best consistency between
calculations and observations of the marine CO, system in the
Arctic waters are these by Mehrbach et al. (1973) as refitted by
Dickson and Millero (1987) (later referenced as MER) and Lueker
et al. (2000). Following these recommendations, and in agreement
with Tynan et al. (2016), the carbonic acid dissociation constant of
MER was selected.

The complete set of dissociation constants used in the
computations included: MER for carbonic acid, Dickson et al.
(1990) for HSOy', Perez and Fraga (1987) for HF, and Dickson
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et al. (1990) for borates. Additionally, boron concentrations have
been approximated in the CO2SYS with the dependency by Lee
etal. (2010), and the pH was reported on the total scale (pH = -log;,
([H'] + [HSO,]) corresponding to our measurement technique.

2.3.1 Interannual biogeochemical variability

In order to compare biogeochemical changes between different
years, it is necessary to select a reference value from which the
annual change could be estimated. Therefore, the averages of the
physical and chemical properties from the first 50 m of the Surface
Winter Waters (SWW) in Fram Strait (Figure 2) were compared to
the data obtained in this study during consecutive summers. The
comparison of biogeochemical properties between winter (or pre-
bloom) and summer (or post-bloom) waters has been used as a tool
for tracing and quantifying biogeochemical changes in the area (e.g.,
Chierici et al., 2019). As the goal of this study was to compare the
relative changes in the biogeochemistry of the entire region between
consecutive years rather than to provide a net quantification of
different biogeochemical processes at each sampling location, the
SWW can be considered as a semi-arbitrary reference point to
estimate the relative differences with respect to this point, giving
simultaneously a tool to compare data collected during different
years. A unique aspect of this approach is the possibility of
quantifying the biogeochemical variability within the study area
using the same reference point (for example, how latitudinal
changes in temperature may influence pH in different years
having different temperature gradients), but also considering the
uncertainties that entail.

The winter data of temperature, salinity, TA, and DIC (Tempy,
Salyy, DIC,y, TAyy) collected in January 2014 were obtained from
the “CarbonBridge productivity regimes in the Arctic Ocean”
project dataset (Paulsen et al., 2017). As presented before, these
data do not represent the characteristics of the entire area but rather
a semi-arbitrary point to compare biogeochemical differences
between years. The mean values in the upper 50 m were obtained
by averaging all the data from 2, 5, 11, 20, 30, and 50 m water depths
from six water column profiles taken perpendicular to the west
coast of Svalbard (see Figure 2 for more details). Furthermore, using
the same dataset (Paulsen et al., 2017), the average values for the
surface water layer (upper 50 m) have been compared with averages
for 500 m (Table 1) and also with data collected below the photic
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zone (between 100 and 400 m) at selected locations during the 2021
sampling campaign (see Supplementary Table S1 for more details).
The standard deviation for TA and DIC, between the three datasets
mentioned in Table 1, was + 4 pmol kg™ for both of them (DIC and
TA), which suggests a relative homogeneity of DIC and TA in the
upper 500 m of water column after winter mixing and relatively
small (negligible) interannual variability of DIC and TA in the
region. Still, however, our data was only collected during one year
(2021) and does not necessarily represent the values of TA and DIC
from 2019 and 2020 which we cannot confirm to be within the
variability of the already presented data.

The values of pCO, and pH (pCO,,y, pHyy) for SWW were
calculated using version 2.3 of the CO2SYS program for Excel
(Microsoft) (Lewis et al., 1998) using as input values Tempy,,, Salyy,
DIC,,, TAyv.

2.3.2 Sea-ice as marine CO, system end member

During spring and summer, the winter water mixes in the
surface layer mainly with sea ice meltwater (see section 3.1 for more
details). To estimate TA and DIC changes due to this effect, the end
member values of DIC;.. (355 + 75 pmol kg’l), TA;ce (441 £ 52 pmol
kg’l), and salinity (Sal;. = 5.0 £ 0.9) for sea-ice were obtained from
the study by (Rysgaard et al., 2007). These values have been
obtained by averaging the results from 5-10 cm thick layers
extracted from nine sea ice cores (0.9-1.9 m long), collected in
Franklin Bay, N Canada (70°N, 126°W) in April 2004 and Young
Sound, NE Greenland (74°N, 20°W) in March 2005. A detailed
description of the methodology used during sampling and all the
sea ice data is reported in Rysgaard et al. (2007).

2.3.3 Seasonal variations of TA and DIC

Relative changes in DIC and TA due to the mixing effect of
SWW with sea ice meltwater (defined as DIC,, and TAg,) can be
calculated as a function of salinity and expressed as a linear
correlation between the two end members: sea surface DIC and
TA during winter (DIC,,,, TA,,,) and melted sea ice (DIC;c., TAjc).
TA,, and DIC, at each sampling station can be calculated using
Equations 1, 2.

TAg, = 62.468 * (salinity) + 125.92 (1)

TABLE 1 Average values of different parameters measured in the Fram Strait area during the winter of 2014 (Paulsen et al., 2017) Surface winter 2014
(SWW) is the average value of the first 50 m of the water column, while 500m winter 2014 is the value measured at 500 m at different locations of the
sampling area (Figure 1). 100-400m summer 2021 are the average values from 16 measurements taken during the sampling campaign in 2021 at
different depths (between 100 and 400 m), for more information see Supplementary Material (Supplementary Table S1).

Salinity Temperature TA
(°C) (umol kg™
Surface 34.96 3.15 2309
winter 2014
500m 35.06 2.90 2311
winter 2014
100-400m 34.97 237 2301

summer 2021
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DIC,, = 60.367 * (salinity) +49.052 2)

Therefore, the difference between TA and DIC measured in the
consecutive summers (TA peas0 DICheas) and the calculated effect of
mixing with meltwater (TAg, and DIC,) should be the
accumulated result of biological processes and air-sea CO,
interchange (ATAy,, and ADICy;,).

ATAbio = TAmeas - TAsal (3)

ADICy;, = DICe0s — DICg (4)

2.3.4 Calculations of pH variations

Winter-to-summer changes in pH and pCO, were attributed to
several processes: temperature (temp), inputs of freshwater from ice
melting (sal), biological processes plus air-sea CO, fluxes (bio), and
inconsistencies (inc). Variations in pH were calculated in CO2SYS
using different combinations of the SWW variables reported in
Table 1 (Tempyy, Salyy, DIC,y, TA,,) and values obtained in this
study for consecutive summers (TAeass DICheass PCOzmeas,
PHimeass teMpPmeas and salyeqs)-

Changes in pH due to temperature variations (ApHermp) Were
calculated assuming that temperature is the only variable changing
between winter and summer. Thus, ApHiepp (Equation 5) was
determined as the difference between winter pH (pH,,y, Equation 6)
and the pH calculated as a function of winter salinity, DIC, and TA
(Salyy, DICyy, TA,,) and the measured temperature during
summer.

APHtemp = pHcalc f(tempmeas> Salww DIva» Tva) - prv; (5)

Where pH,,, = pHye f(temp,,,saly,, DIC,, TA,,)  (6)

The influence of sea ice meltwater can change salinity and,
therefore, TA and DIC in the surface waters, influencing pH. Thus,
the pH changes due to the physical mixing of water masses (ApHg,)
were determined by subtracting the winter pH (pH,,) from the
theoretical pHg, calculated by applying winter temperature
(Tempyy), summer salinities (salpe,s) and related to these
salinities TAg, and DICg, obtained from Equations 1, 2,
respectively:

APHsal = pHsal - prv; (7)

Where PHsal = pHcalc f(tempww Salmeas’ DICsab TAsal) (8)

The difference between TA and DIC measured in the
consecutive summers (TAeass DICheas) and TAg, and DICg,
(Equations 1, 2) resulting from the physical mixing of water
masses (or the influence of sea ice melting) can be attributed to
the total effect of both biological processes (photosynthesis/
respiration and calcification) and sea-air CO, exchange. Thus, the
accumulated pH change corresponding to these effects (ApHy,;,,) can
be calculated as:

Aprio = pHcalc f(tempwvr Salmeas> DICmeas’ TAmeas) - pHsal (9)
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To evaluate the consistency of the marine CO, system data
presented in this study, the calculated pH from tempeass Salmeass
DICpeass and pCOjmeas Was compared to the measured pH
(pPHineas)- The differences were attributed to the error propagation
during calculations (Orr et al., 2018) and chemical components that
may affect the equilibrium of the marine CO, system but are not yet
parametrized in the mass balance equations used in the calculations
(e.g., Kulinski et al., 2017)

f(tempmeav Salmeas» DICmeas> pCOZmeas) - pHmeas
(10)

pHinc = pHcalc

3 Results and discussion
3.1 Oceanographical settings

Surface temperature and salinity in the entire studied area
during three years (2019, 2020, 2021) ranged between -0.5 and
8.5°C and between 30.0 and 35.2, respectively (Figures 3A, B).
However, lower salinities were occasionally observed close to the ice
margin. Sea surface salinity in the investigated area had generally
quite similar distribution every year (Figure 3A). Warmer and more
saline waters were found in this region in the southern part, which is
related to the transformation of Atlantic Water during its
northward transport in the WSC (Figure 4) (Hattermann et al.,
2016). This effect was well reflected in our data by a surface patch of
more saline waters extending northward and centred at 10°E. As
AW flows northwards, surface waters experience intense cooling
and freshening; the heat released during cooling enhances sea ice
melting (Polyakov et al., 2010; Rippeth et al.,, 2015). Two frontal
zones with stronger salinity and temperature gradients were
identified in the surface layer based on the analyzed data set. One
of them extending along the west coast of Svalbard represents the
West Spitsbergen Polar Front (Nilsen et al., 2016) which separates
Atlantic water in the WSC (S > 34.8) from the colder and fresher
Arctic-type water (S < 34.8) originating from the South Cape
Current (SCC) and carried northward along the West Spitsbergen
shelf (Figure 4) (Saloranta and Svendsen, 2001; Nilsen et al., 2021).
The second salinity/temperature front, which reflects a boundary
between Atlantic and Polar waters in Fram Strait (Karpouzoglou
et al, 2022), more winding, was located along the sea-ice margin
with slight shifts from year to year, depending on the sea ice
extension (Figure 3A). To determine the location of this front
during different years we selected the isohaline 34.8 which coincides
with the boundary of the frontal area with a strong salinity gradient
in our data. In the central Fram Strait, it depicts the transition zone
between the northward flowing Atlantic Water and Polar Water
(PW) originating in the Arctic Ocean and carried southward by the
East Greenland Current. Therefore, it can be considered an
excellent tool to compare the front extension during consecutive
years. As illustrated in Figure 3A, a smaller extension of the
isohaline 34.8 was observed in 2021 compared to 2020 and 2019,
which coincides well with the sea ice extension in the region. During
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Salinity

FIGURE 3

Surface salinity (A) and temperature (B) distribution in the study area during 2019, 2020 and 2021. As a reference, the isoline of 34.8 from previous
years was marked in the salinity maps. The original surface data was extrapolated using the weighted-average gridding from Ocean Data View
(Schlitzer, 2023). The blue line represents the 10% sea ice coverage (SIC), northern of this line the SIC is higher than 10%. The study area covered by
SIC higher than 10% was 49.94% during 2019, 32.69% in 2020 and 18.68% in 2021. Detailed maps presenting the SIC are shown in the

Supplementary Material (Supplementary Figure S1).

these three years, there was a strong variability in the area covered
with sea ice as expressed with SIC higher than 10% (SIC > 10%). In
July 2019 it was 49.94% of the investigated region, while in 2020 and
2021 it was 32.69% and 18.68%, respectively (Figure 3;
Supplementary Material S1). The decrease in surface salinity can
be linked to enhanced sea ice melting, providing more fresh water to
the surface layer, and/or to changes in surface circulation.
Unfortunately, our data only provide information on sea ice
coverage and the relationship between sea ice melting and
corresponding released freshwater volume and surface salinity
distribution has to be corroborated in future studies.
Independently of the prevailing mechanism, it is clear that the
extent of waters with surface salinity higher than 34.8 was reduced
in 2021, having thus less impact on surface processes.

Unlike the salinity distribution, the surface temperatures show a
strong interannual variability (Figure 3B). A strong temperature
gradient was observed in all studied years close to the sea-ice margin
in the west/northwest part of the study area, with warmer waters
following the direction of the WSC from the south and reaching up
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to 79°N. Still, the spatially averaged surface temperature (calculated
as the average of the gridded data, with the same spatial distribution
and the same extension between years, see methods) differed from
one year to another, amounting to 5.2°C during 2019, 5.3°C in 2020,
and 3.8°C in 2021. The spatial patterns of the temperature gradients
also varied between different years. One of the main features that
could be distinguished is a zonally extending pattern of lower
surface temperature located at 76°N in 2019, at 75°N in 2020, and
at 76°N in 2021 (Figure 3B). An explanation of causal mechanisms,
responsible for complex and annually varying patterns of surface
temperature is beyond this study. However, the average surface
temperature clearly shows colder surface waters during 2021 than
during 2019 and 2020, coinciding with a smaller extension of the
AW surface pattern (defined as surface waters with S > 34.8) and
reduced sea ice.

The surface temperature and salinity variability reflect the
general large-scale patterns previously described for this area,
where warmer and more saline AW is transported northwards in
the WSC. As AW flows northward, it mixes with colder and fresher
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FIGURE 4

Schematic representation of the main surface currents encountered
in the study area (based on Hattermann et al., 2016). The blue line
represents the limit of the 10% sea-ice concentration (see methods).
The black box delimit the study area. The color in the arrows
represents a schematic view of the main water masses in the area
and its transformations. Blue arrows represent the influence of
Arctic waters, either as melted sea ice (small ones), as Arctic surface
waters (1) or Arctic waters carried by the South Cape Current (SCC)
(2). The red arrows represent the Atlantic Water (AW) carried by the
West Spitsbergen Current (WSC) (3), orange Polar warm Surface
Waters (PSWw). GSG, NR, and SR denote Greenland Sea Gyre,
Northern Recirculation, and Southern Recirculation, respectively.

melted sea-ice waters, creating warm Polar Surface Waters (PSWw)
(Rudels et al., 2005). Rudels et al. (2005) define PSWw in terms of
temperature and potential density (warmer than 0°C and less dense
than 27.7) but for the purpose of this study, we take advantage of the
isohaline of 34.8 as a good delimiter of the surface boundary
between the Atlantic and Arctic derived waters. Therefore, water
with S > 34.8 will be denoted as AW and water with S < 34.8 will be
described as PSWw.

PSWw sitting on the top of Atlantic water can flow eastward,
following the north Svalbard circulation (Athanase et al., 2020), or
westward and then southward along the sea-ice margin zone
(Marnela et al., 2013; Hattermann et al., 2016). This recirculation
pattern explains the high salinity gradient in our data between the
AW flowing northward and PSWw moving southward. However, it
was also possible to identify some isolated patches with S > 34.8
outside of the main AW inflow, probably originating from the
mesoscale eddies generated in the eastern Fram Strait
(Bashmachnikov, 2020; Bashmachnikov et al., 2023; Raj et al,
2016), which bring colder and more saline subsurface Atlantic
waters to the surface, breaking the seasonal stratification.

The part of the western branch of the WSC recirculates in Fram
Strait mainly along two routes: a Northern Recirculation (NR)
around the Molloy Hole near 80°N (Hattermann et al., 2016)
(Figure 4) or a Southern Recirculation (SR) located south of 79°
N. The SR is mainly related to the eastern rim of the Greenland Sea
Gyre (GSG) (de Steur et al., 2014; Beszczynska-Moller et al., 2012)
(Figure 4). Variability in the AW temperature reaching the Fram
Strait has been associated with changes in the GSG circulation
(Chatterjee et al., 2018), where a stronger GSG circulation
strengthens the AW inflow along the WSC. It can be reflected in
surface waters in the southern Fram Strait, where a stronger GSG
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promotes a northern extension of the AW which in the upstream
area extends to the surface before being transformed in PSWw as it
mixes with meltwater.

Hence, interannual and spatial variations in surface
temperature and salinities can be explained through changes in
surface circulation and varying sea-ice extension and melting rates.
Warmer and more saline waters, as observed for 2019 and 2020
(Figures 3A, B), correspond to a higher influence of AW in the
surface waters or a reduction of the PSWw. On the other hand,
cooler and fresher surface waters, as observed during 2021 along
with a decrease in sea-ice extension (which was reduced from
43.94% of the region covered in 2019 to 18.68% in 2021), could
be related to a higher volume of sea ice meltwater or/and varying
intensity of recirculation, which would explain differences in the sea
ice extension and the expansion of the area covered by PSWw.

3.2 The marine carbonate system

3.2.1 Distribution of TA and DIC

The data collected for TA and DIC from 2019 to 2021 are
shown in Figure 5. The main changes in TA are closely correlated as
a function of salinity. TA data shows a conservative mixing along
the line drawn between the AW properties reported for winter
(salinity 34.96 and TA = 2310 pmol kg™, Table 1) and the TA of the
melted sea ice (salinity 5.0 and 441 ymol kg™ TA) (see methods for
details and references) revealing high variability, but similar to
previously reported in the area (Chierici et al., 2019; Tynan et al,
2016). Tynan et al. (2016) were able to characterize two TA, zero
salinity end-members, one lower (TA, = 403 pmol kg'l) associated
with sea ice melting and one higher (TA, = 1230 umol kg™') related
to the influence of Polar Waters. However, our data only shows the
influence of one TA, with low values (~ 420 umol kg™), supporting
the idea that TA variations in this data set result only from the
mixing between AW and sea ice meltwater.

Biological processes like organic matter photosynthesis/
respiration (P/R) and calcification/carbonate dissolution (NCC)
are expected to influence slightly TA concentration (Middelburg
et al,, 2020). In order to better understand the importance of these
biological processes in the TA distribution, the differences between
two end-members mixing line and the measured TA values
(Figure 5) were calculated (ATA,;,) (see methods). Therefore,
TApi, represents the changes in TA which are not due to the
mixing of AW with melted sea ice.

The average [+ standard deviation (SD)] of AT Ay, for 2019 is
10.0 + 8.5 umol kg (Figure 5). Data collected during 2020 also
shows a positive shift ATAp;, of 4.2 umol kg™ (SD + 9.9 umol kg™).
On the other hand, in 2021, the TA measured was the closest to the
ideal mixing line (TAg,), with a AT Ay, of 0.7 pmol kg’l, SD + 8.8
umol kg™

As for TA, the conservative mixing line (DIC,) formed
by linking values for winter AW (salinity 34.96 and DIC,, =
2160 pmol kg, Table 1) and melted sea ice water (salinity 5.3
and DIC;.. =369 umol kg'l) is represented as a black line in Figure 5.
The deviations from this line are caused due to other mechanisms
besides the physical mixing of AW and sea ice meltwaters, namely
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FIGURE 5

Concentration of TA and DIC against salinity. The black line represents the conservative mixing between Atlantic Water encountered in the study
area during winter and melting sea ice. Triangles show DIC concentration, while circles are for TA. Data with blue colour were collected during July
2019, red during July 2020, and green during July 2021. Arrows represent the direction of change from the equilibrium due to different processes.
Air-sea fluxes are not represented, but they change DIC concentration in the same direction as Remineralization and Primary Production.

organic matter photosynthesis/respiration, calcification/carbonate
dissolution and CO, air-sea exchange (ADICy;,).

All measured DIC values, ranging from 1800 to 2120 umol kg™,
were below this line and revealed variability higher than for AT Ay,
DIC data presented here have a wider range than previously
recorded at 6m water depth for this area by Tynan et al. (2016)
(from 2040 to 2120 umol kg™ and the data collected within the first
6m of the water column by Chierici et al. (2019) (from 1883 to 2084
umol kg'1). This may indicate that, due to the high stratification in
the surface waters, a shallower sampling depth (2.5m in this study)
resulted in a wider range of DIC data. Therefore, the sampling
depth should be taken into consideration, especially when
estimating air-sea carbon fluxes. The mean ADICy;, for 2019,
2020, and 2021 were -50.0, -73.4, and -42.9 umol kg’l,
respectively (SD +12.7 umol kg™ for 2019; SD +18.7 umol kg
for 2020; and, SD +18.8 umol kg’l).

Both NCC and P/R modify DIC and TA in given proportions.
P/R decreases approximately 6.3 moles of DIC for each 1 mol of TA
increase, while NCC decreases DIC and TA in the molar proportion
of 1:2 (e.g., Middelburg et al., 2020). However, the DIC
concentrations, opposite to TA, are further modified by the air-
sea CO, fluxes. Since the surface waters in Fram Strait were
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undersaturated in CO, with respect to the atmosphere (this
study), the air-sea CO, fluxes always led to an increase in
DIC concentration.

A positive ATAp;, (10.0 pmol kg’l) and a negative ADIC;,
(-50.0 pmol kg'') were obtained for 2019. In previous studies P/R
has been identified as the main factor influencing the marine
carbonate system in the Fram Strait area (Chierici et al., 2019) and
the adjacent Barents Sea (Fransson et al., 2001). Assuming that P/R is
the primary process influencing also our data, the AT Ay, of 10.0
umol kg™ for 2019 should correspond to ADIC of -63 pmol kg™,
which is a more significant decrease in DIC than the ADIC calculated
in our study (-50.0 umol kg™). This difference could be due to an
uptake of atmospheric CO, increasing the DIC of the surface waters.

Using the same assumption of P/R as the most important
process, the ATAy;, of 4,2 ymol kg found for 2020 would
correspond to -26.1 DIC umol kg™, which is a much smaller DIC
loss than the observed ADICy;, (-73.4 umol kg’l). However, calcite
formation during coccolithophorid blooms is a common
phenomenon in the mixing zone of Atlantic and Arctic waters
(PSWw) (Lalande et al., 2011), and this process counteracts the TA
release by P/R. Thus, the contribution of biological calcium
carbonate export from surface waters would explain the low
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ATAy,;, encountered for 2020 as compared to the highly negative
values of ADICy,.

A similar pattern as for 2020 can be described for 2021, for
which P/R alone cannot explain the DIC loss (ADICy;, = -42.9
pmol kg'l) based on AT Ay, (0.7 pmol kg'l). The smallest DIC loss
in 2021 (the lowest absolute ADICy;, value compared to 2019 and
2020) may indicate a lower P/R that year and, in combination with
low ATA,,;,, may suggest a shift in the biological community
towards the increase in the relative abundance of calcifying
organisms. While diatoms have been reported as the dominant
species in cold and nutrient-rich waters close to the sea ice front,
coccolithophores are more abundant, particularly during summer,
in the eastern ice-free part of Fram Strait (Lalande et al., 2013;
Nothig et al., 2015). In southern warmer areas, both of them are
often replaced by nano- and picoplankton (Bauerfeind et al., 2009;
Nothig et al.,, 2015), which is related to faster nutrient recycling
and lower carbon export (Forest et al., 2010). 2019 was
characterized by warmer waters than 2021 and a farther
northern extension of the surface AW signature, together with
positive ATAy;, (10.0 pmol kg'l) and a negative ADICy;, (-50.0
umol kg™). As a result, the ratio between nano-picoplankton and
calcifiers as the main drivers for PP is expected to be higher during
the warmer 2019 than during the colder 2021, characterized by
much smaller AT Ay, (0.7 umol kg™') but similar (ADIC;, = -42.9
umol kg ™) as 2019.

Thus, the interannual shifts in dominating species can be
proposed as an explanation for the variable ratios between ATAy;,
and ADICy;, in different years, when either the proximity of the sea
ice front changes with respect to the study area (diatoms vs.
coccolithophorids) or there are differences in seawater temperature
(coccolithophorids vs. nano- and picoplankton species).

To sum up, the ratio between ADICy,;,/AT Ay, suggests that
during the warmer 2019 and 2020, there was a higher P/R in the
area (this assumption is further supported by satellite chlorophyll
data in the next section) than during the colder 2021. Besides that, it
also indicates a shift in the ratio between calcifiers and nano-
picoplankton, where warmer years could promote a reduction of
calcifiers with respect to nano-picoplankton.

The changes in DIC and TA presented in this section are
strongly connected to changes in pCO, and pH. Both of them
play a key role as indicators of atmospheric carbon sequestration
and ocean acidification. Due to the sampling strategy, pH and pCO,
data were collected in higher resolution, providing not only
information about their general distribution but also about
mesoscale processes which could influence their variability.

3.2.2 Surface pCO,

The pCO, measurements in all investigated years (2019-2021),
with average values of 288, 271 and 286 patm for 2019, 2020 and
2021, respectively, show that the entire study area was
undersaturated with CO, relative to atmospheric levels which
were, in annual average, 412, 414 and 417 ppm (data obtained
from environmental monitoring of Svalbard and Jan Mayen;
https://mosj.no), which is in agreement with other studies in
Fram Strait and around Svalbard (e.g., Chierici et al., 2019;
Fransson et al., 2017; Tynan et al., 2016; Yasunaka et al., 2018);.
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The pCO, values ranged from 170 patm found near the sea-ice edge
and were associated with the presence of colder, lower salinity
waters, up to 350 patm observed in the southern part under the
influence of warmer and more saline Atlantic waters (Figure 6). The
distribution of surface pCO, (Figure 6) shows a similar pattern as
salinity (Figure 3A), with values decreasing from South to North
and the highest values centred at approximately 10°E (similar to the
AW surface patch area). The surface pCO, rapidly declined as we
moved closer to the continental margin of Svalbard and the sea-
ice edge.

In general, lower values of pCO, were found within the AW
surface patch in 2020 (average pCO, 303 patm) than in 2021
(average pcO, 329 patm), while similar values have been found
outside of this area (approx. 255 patm). The lower pCO, in 2020
coincided with the lowest DIC concentrations found in our study,
which could reflect higher P/R in the area that year (Figure 6).
Figure 7 shows the monthly averaged distribution of chlorophyll a
estimated from satellite observations (NASA Ocean Biology
Processing Group, 2023). Higher chlorophyll a concentration are
visible within the AW surface patch (10°E) in 2020 (average
chlorophyll @ in AW surface patch area of 1.14 mg m™) than in
2021(average chlorophyll a 0.82 mg m™), while in 2021, the
maximum of PP (highest chlorophyll a) was located further west
of the AW inflow area.

In 2019, the chlorophyll a distribution (average in the study area
of 3.00 mg m™) was higher to that in 2020 (chlorophyll a 1.05 mg m™
%), with higher PP within the AW inflow (average of 2.21 mg m™).
This feature is, however, not reflected so clearly in the DIC and pCO,
- both being higher in 2019 (DICy;, -50.0 umol kg and average
pCO, 289 patm) than in 2020 (DIC,;, -73.4 umol kg'1 and average
pCO, 271 patm). The reason for that and the coinciding smaller DIC
loss (lower absolute value of ADICy;,) and relatively high
accumulation of TA (reflected with ATA;,) measured during 2019
could be related to a delay between the sampling time and the peak of
high PP. The satellite images represent the monthly averaged
chlorophyll a distribution while pCO, (as well as TA and DIC) was
collected within days, which may generate a mismatch between
both datasets.

To sum up, the lower pCO, was correlated with lower salinity
waters. Areas influenced by AW (salinity greater than 34.8) had a
strong interannual variability: during the investigated period we can
distinguish between two years (2019 and 2020) characterized by a
high signal of PP within the AW surface patch and, one year (2021)
with low PP within the study area but high PP westward of the AW
inflow (outside of the study area and only based on satellite data).

The pCO, data not only shows a general south-to-north
gradient (Figure 6), but it is possible to recognize rapid and
small/medium scale latitudinal and longitudinal changes of pCO,
due to the higher resolution data. To depict them and understand
the mechanism behind these variations, three surface pCO,
transects from 2021 (a year for which both the south-to-north
pCO, variability and pCO, data coverage were high) were selected
and plotted in Figure 8:

- southern profile (76° N), with higher values of pCO, (between
270 patm and 340 patm) coinciding with high salinity.
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pCO2 [patm]

FIGURE 6
Surface distribution of pCO; (left) and pH at 25°C (right) from 2019 (top),

- middle profile (77° N), with strong spatial variations of
surface pCO, (ranging between 240 patm and 310 patm),
salinity, and temperature.

- northern profile (79° N), with significantly lower values of
pCO, (from 230 patm to 250 patm) and a drastic latitudinal
reduction of salinity due to the proximity of the sea ice.

The variability in pCO, along the latitudinal transects can be
influenced by several factors: temperature, salinity (or mixing of
different water masses), P/R, and upwelling of deeper waters with
different pCO,. To simplify the interpretation of this variability, the
pCO, data was normalized to 5°C (NpCO,) using the temperature
dependence proposed by Takahashi et al. (2002). The NpCO, was
plotted in Figures 8A-C with oxygen data as a proxy for P/R, and
with salinity to understand the pCO, changes due to mixing effects.

In the southernmost transect (Figure 8C), two main features
related to variations in pCO, can be recognized. First, there was a
salinity reduction, a slight increase in the O, saturation, and a
decrease in pCO, west of 5°E, probably related to the influence of
PSWw along the GSG. The second feature was a correlation
between the O, saturation and the pCO, but without large
changes in salinity east of 5°E, indicating variability in P/R only.
The increases in P/R without salinity changes could be due to the

Frontiers in Marine Science

2020 (middle) and 2021 (bottom).

11

pH@25°C

vertical transport of deeper water (e.g. from the chlorophyll
maximum depth) to the surface. Theoretically, the mechanism
explaining it could be the influence of eddy-driven upwelling or
wind-driven increase in the mixed layer depth, which could bring a
signal of higher P/R from deeper waters to the surface.

In the middle transect (Figure 8B), several areas with salinity
drop can be identified. One is located between 2°E and 3°E and
reflects the influence of PSWw;, but with minor changes in oxygen
and pCO,. A second patch with a strong drop in salinity of 1 unit
was located at 6.5°E, followed by an oversaturation of O, up to 108
umol kg' and an intense reduction of pCO, by more than 50 patm.
The reason for this salinity drop was probably an intrusion of a
filament of PSWw in the surface layer occupied by AW. The
different O, and pCO, dynamics, thus also different P/R,
observed for these two salinity perturbations could be related to
nutrient availability. Previous studies showed that surface waters of
Arctic origin are generally nitrate-limited, while AW is mostly Fe-
limited (Krisch et al., 2020; Tuerena et al., 2021). The injection of
PSWw into the mainstream of AW may cause a mixture of water
masses, providing extra nitrate from AW to PSWw and Fe from
PSWw to AW and inducing an intense P/R. This feature was well
seen at 6.5°E but not at 3°E, maybe because the latter region does
not represent a PSWw intrusion into AW (and mixing of both) but
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Satellite-derived MODIS-Aqua monthly average composite chlorophyll a concentration (mg/m?) for July 2019, 2020, and 2021 (NASA Ocean Biology

Processing Group., 2023).
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rather the boundary between PSWw and AW with clear separation
of both water masses properties. Still, an increase in O, saturation
on the edge of the salinity drop (between 3°E and 4°E) is
distinguishable and probably related to the mixing of PSWw and
AW. Along the middle transect (Figure 8B), there was one more
area with a salinity drop located east of 11.5°E and associated with
an increase in O, saturation and a decrease in pCO,, probably due
to both the dilution effect and the P/R. In this case, it was connected
to the influence of meltwater released from the Spitsbergen fjords
and/or the influence of the South Cape Current that propagates
northward along the west coasts of Spitsbergen. Interestingly, along
the same latitude (Figure 8B) there was an area from 7.5°E to 11.5°E
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where the salinity remained constant, but the pCO, was highly
variable and coupled with the O, saturation (the relationship
between ApCO, and O, saturation is provided as Supplementary
Material, Supplementary Figure S2). As postulated above, the eddy-
driven upwelling of deeper waters (or the deepening of the mixed
layer) from the maximum chlorophyll depth (typically located at
20-30m water depth) carrying a higher P/R signal, could explain
this rapid phenomenon, although future studies correlating the
variability of pCO, and O, in surface layers with changes in the
mixed layer depth are needed to support this theory.

The northernmost transect (Figure 8A) was highly
influenced by continental runoff, and sea-ice melted water.
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Surface distribution of pCO, (top) during the sampling campaign in 2021. The transects (A—C) marked in the surface pCO, distribution map are
displayed at the bottom of the figure. The black line within the transects shows salinity variations, the colourful line represents NpCO, (normalized
pCO; to 5°C), and the colour scale within the colourful line depicts O, (a.s.). All the transects display data collected during 2021.

From 5°E to 7°E, the dilution effect (salinity drop by approx. two
units) maintained undersaturated levels of pCO, ¢ 250 patm)
with O, being close to the equilibrium with the atmosphere. East
of 8°E, similarly low pCO, ¢ 250 patm) was measured. However,
in this case, it was a consequence of the intense P/R, indicated by
an oversaturation in the water O, with respect to the
atmospheric levels (up to 108%).

Altogether, four processes have been identified that potentially
contribute to pCO, reduction in the studied region and thus
enhance the water capacity to absorb atmospheric CO,. These
are: (1) the dilution effect due to PSWw’s influence, (2) the P/R
increase due to the mixing of nutrient pools of AW and PSWw, (3)
wind-driven increase in the mixed layer bringing higher P/R signal
from deeper waters, (4) the influence of lower salinity waters in the
western coast of Spitsbergen.
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3.2.3 Surface pH distribution

Along with temperature, salinity, and pCO,, the pH distribution
was affected by an intense latitudinal variation with lower pH values
observed in the southern part associated with warmer waters having
higher pCO,, and higher pH values measured close to the sea ice
and the continental margin (Figure 6). Importantly, pH was
measured at 25°C; therefore, the distribution of pH presented in
this study is not influenced by temperature variations, in contrast to
pCO, distribution. Comparing the three consecutive years of
investigations, 2021 had the lowest pH value (7.8), increasing up
to 7.95 in the northern part; 2019 had the highest pH, ranging from
7.85 to 8.1, while in 2020, pH values were intermediate and ranged
from 7.85 to 8.0.

Since inorganic carbon chemistry heavily influences the pH, it is
expected that the processes triggering changes in pCO, can also be
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traceable in the pH distribution (excluding temperature). Still, if the
general trends in pH and other CO, system variables are compared
within the area of AW surface expression, it can be concluded that
higher values of pCO, were found in 2019 and 2021 than in 2020
(Figure 6). Both years (2019 and 2021) also had similar DIC
concentrations, higher than in 2020 (Figure 5). However, this
situation is not reflected in pH (Figure 6), where 2019 had higher
values coinciding with the higher values of TA (Figure 5), followed
up by 2020 and 2021, which had lower pH and lower TA. As
postulated above, it could be due to a change in the characteristics of
the plankton community, increasing the abundance of calcifying
organisms in years with colder and fresher surface waters and
consequently reduced alkalinity of surface waters, making them
more sensitive to pH changes. Therefore, not only the pCO,
distribution is important for understanding the pH variability in
the Fram Strait area, but it is also essential to know the distribution
of TA and biologically driven ATAy,,.

To better understand the pH variations in the region due to
different physical and biological factors, their influences have been
quantified, as described in section 2.2, and presented in Figure 9.
The range of the temperature effect on pH (ApHiemp) is from a
reduction of -0.08 in the warmer and more saline waters to an
increase of 0.06 close to the sea ice (values represent the minimum
and maximum from all the years). Importantly, these changes in pH
due to temperature variations refer to a semi-arbitrary reference
point (Temp,,) established for winter conditions (see methods).
Thus, the ApH values do not provide any valuable information

10.3389/fmars.2024.1464653

other than the absolute difference between maximum and
minimum. This difference reflects the variability in pH due to the
temperature gradient between the warmer and colder waters in the
region. As a result, the ApHie;n, due to the temperature factor is
approx. 0.14 and can be understood as the pH change due to the
cooling of waters as they flow northwards. The effect of dilution (or
seawater freshening) is defined as ApHy, and is responsible for a pH
increase in the region of approx. 0.1, with a wide range of ApH,
values from 0.01 to 0.10 being inversely correlated with salinity. The
ApHy;, is the integrated effect of the P/R, NCC, and air-sea fluxes.
Its average values varied widely from year to year, with an average of
0.18, 0.22, and 0.10 for 2019, 2020 and 2021, respectively.
Additionally, the consistency of the marine CO, system variables
was presented as pH;,,. as an expression of the variability in the data
due to uncertainties derived from calculations and the propagation
of errors during the analytical measurements. The average of pHj,.
was 0.02 which is much lower than ApHy;,, but also than ApHepy,, or
ApH,,;, suggesting that even though there are some uncertainties
related to the calculations with the use of CO2SYS, they are usually
lower than the effect of any of the factors influencing pH variability.
Still, the effect of the inconsistencies in the marine CO, system
should not be ignored in pH-oriented studies in this region, as
depending on the scope of conducted research they may constitute
an important source of uncertainty.

The results clearly show that ApHy;, is the main factor
controlling the pH distribution in Fram Strait surface waters.
Interestingly, the two years with greater ice extension (2019 and
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FIGURE 9

Correlation between different ApH (associated with temperature ApHiemp, salinity ApHs,, the combined effect of NPP, NCC, and air-sea fluxes
ApHyio, and inconsistencies pHinc) and salinity. Blue dots are data from 2019, red dots from 2020, and green dots from 2021.
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2020) were also characterized by higher pH variation due to ApHy,.
It is also worth mentioning that the influence of dilution close to the
sea ice margin can be similar in magnitude to the pH change due to
the temperature variations, both creating rapid pH fluctuations and
directly influencing the CO, system structure. Thus, with their
combined effects, sea ice melting and temperature variability are
unneglectable drivers affecting the distribution of surface pH in the
eastern Fram Strait, which must be considered for investigating
ocean acidification development under future climate scenarios.

3.3 Synthesis

Overall, 2019 and 2020 were characterized by warmer surface
waters with a northern extension of the surface AW patch (seawater
with salinity greater than 34.8), coincidentally with a broader sea ice
extension. On the other hand, 2021 had colder waters, and the
surface extent of AW was reduced in the study area, coinciding with
the smaller sea ice extension. The mechanism to explain the
temperature and salinity variability could be an increase in the
PSWw influence on the area and/or a reduced surface expression of
AW in years with enhanced sea ice melting due to the higher
admixture of meltwater.

The results from DIC and TA indicate that it was possible to
trace higher P/R in the AW-influenced area during warmer years
(2019 and 2020), coinciding with a lower presence or abundance of
calcifier organisms as suggested by the ratio ATAy;,/ADICy;,.
Furthermore, these results coincide with the distribution of
surface pCO, and pH, where warmer years with higher P/R have
also lower pCO, at the surface and higher pH, intensifying the
capacity of the surface waters to absorb atmospheric CO,, even
though warmer surface waters have reduced CO, solubility. Satellite
images of chlorophyll a distribution also support the idea of higher
P/R within the eastern Fram Strait during warmer years. Our
conclusions agree with previous findings which suggest that
warmer waters may sustain the pycnocline in the surface layer for
longer periods, favouring the development of primary producers
(Cherkasheva et al., 2014).

Besides the general trends, the high-resolution data of pCO,
indicate that other medium/small-scale processes may contribute to
rapid changes in surface pCO,. Several studies have shown the
presence of mesoscale/submesoscale eddies in the region
(Bashmachnikov, 2020; Ghaffari et al., 2018; Trodahl and
Isachsen, 2018), which are especially abundant at the outer
boundary of the AW inflow. These features can be likely
identified in our dataset as local drops in the surface pCO, in the
AW frontal zone, which may indicate an upwelling of nutrient-rich
waters, enhancing P/R in the surface layers, and/or an upwelling of
already low pCO, waters related to subsurface production, probably
at the bottom of the surface mixed layer (Tuerena et al., 2021).

Our data also shows an intense decrease in surface pCO, (and
an increase in O, saturation) in areas where PSWw meets AW.
These areas are characterized by an intrusion of cold waters into the
warmer layer, indicating that mixing of PSWw and AW in some
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sectors may enhance P/R. The differences in nutrient limitation
between Arctic and Atlantic-derived surface waters have been
previously postulated (Krisch et al., 2020; Tuerena et al., 2021),
bringing the idea that the mixing between nitrate-limited Arctic-
derived waters (in this study, sea-ice-derived meltwater), and Fe-
limited Atlantic-derived waters could create the ideal “nutrient-
soup” to enhance P/R.

But this initial enhancement of P/R due to the mixing of water
masses could create also a negative effect, as seen in 2021, where
chlorophyll data shows that the intense PP area was moved westward.
Therefore, the reduction of sea ice would move the PP westward, and,
an expansion of PSWw (already depleted in nitrates) could create a
colder nitrate-limited surface layer, which will produce, as observed
in 2021 higher DIC and pCO, in the surface layer. These waters may
intensify the seasonal pycnocline, deepening it or reducing the eddy-
driven upwellings. Consequently, years with colder (or rather higher
influence of melted sea ice) surface waters may result in reduced P/R
in the eastern part of the Fram Strait.

The mechanism to explain how a higher volume of PSWw may
influence the study area is not clear and cannot be fully explained with
the data presented in this study. Nevertheless, it can be hypothesised that
due to the direct mixing or by the influence of the GSG, more meltwater
is incorporated within the surface waters of the eastern part of Fram
Strait. With this idea in mind, and based on our biogeochemical data,
Figure 10 shows a theoretical concept connecting the main factors
influencing the carbonate system in the eastern Fram Strait in two
hypothetical scenarios: the first one with a lower influence of melted sea
ice waters and lower extension of PSWw within the WSC (Figure 10A)
and the second one with a wider extension of PSWw due to higher
volume of sea ice meltwater (Figure 10B).

In the scenario with a lower influence of melted sea ice waters
(Figure 10A), there is a high P/R in the eastern Fram Strait, which is
likely associated with larger vertical nutrient fluxes linked to more
abundant mesoscale eddies. Alternatively, the intrusion of PSWw in
the surface layer occupied by AW may also enhance P/R by mixing
waters with different nutrient limitations. Consequently, enhanced
P/R, a higher abundance of nano-pico plankton, and a reduced
influence of calcifiers would result in elevated alkalinity and
enhanced capacity to capture anthropogenic CO, in surface waters.

In the high PSWw scenario and a strong influence of sea ice
meltwater on the surface layers, P/R is concentrated close to the sea
ice margin zone, which acts as a nutrient filter, depleting their
concentrations. The link between sea ice extension and
phytoplankton distribution during spring and summer was
proposed by Mayot et al. (2020), showing that in years with low
export of sea ice, a late-spring/summer phytoplankton bloom
develops close to the sea ice margin. These nutrient-depleted
waters may follow the surface currents following the EGC, which
could expand eastwards the area influenced by PSWw, initially
enhancing P/R in a southern location (GSG) but have a low capacity
to sustain high primary production in the study area (eastern Fram
Strait). This is probably due to the stratification of fresher and
colder waters at the surface with an unknown effect on the eddy-
driven circulation and the upwelling of deeper N-rich waters.
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FIGURE 10

Theoretical concepts of the biological and physical situation in the area during: (A) narrower extension of warm Polar Surface Waters (PSWw)
connected to a lower volume of sea ice meltwater (small blue arrows) in the surface layer and, (B) broader extension of PSWw as a consequence of
a higher volume of sea ice meltwater in the surface layer. The blue area represents the zones of intense influence of PSWw, and the green area
stands for the intense NPP zones developed during summer. The colour in the arrows represents a schematic view of the main water masses in the
area and their transformations. Blue arrows represent the influence of Arctic waters, either as melted sea ice (small ones), or as Arctic waters carried
by the South Cape Current (SCC), located south of the Svalbard Archipelago. The red arrows represent the Atlantic Water (AW), and the orange
arrows are the Polar warm Surface Waters (PSWw). GSG, NR, and SR denote Greenland Sea Gyre, Northern Recirculation, and Southern
Recirculation, respectively. The blue line represents the 10% sea ice coverage (SIC), northern of this line the SIC is higher than 10%.The black box

delimits the study area.

Stratified waters with lower P/R would limit the capacity of the
surface waters to capture atmospheric CO,. This hypothesis implies
that the influence of the sea ice meltwater within the Fram Strait is
crucial for estimating and understanding the capacity of the region
to absorb atmospheric CO,. Future scenarios project a reduction in
Arctic sea ice during summer. However, a better understanding of
the relationship between the volume of melted sea ice and the
biogeochemical processes in the surface waters is required, not only
in the Fram Strait area but also in the Arctic Ocean in general.

4 Conclusions

This study investigated the distribution of the marine carbonate
system parameters, as well as salinity and temperature in
consecutive summers of 2019, 2020, and 2021 in the surface
waters of the eastern part of the Fram Strait. This, together with
analysis of the satellite-derived chlorophyll a distribution as well as
sea ice extension in the region allowed us to draw the
following conclusions:

* TA and DIC are mostly controlled by the mixing of Atlantic
water and sea ice meltwater. The combined effect of organic
matter production/remineralization, calcium carbonate
precipitation/dissolution, and air/sea CO, gas exchange
causes deviations from this salinity-related mixing, which
are smaller and positive for TA (ATAy;, from 0.7 to 10.0
umol kg™') and larger and negative for DIC (ADICy;, from
-42.9 to -73.4 pmol kg ™).

* The ratios between ATAy,;, and ADICy;, suggest interannual
shifts in P/R and dominant phytoplankton species in the
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area. The results indicated higher productivity (confirmed
by satellite-derived chlorophyll a as well as pCO, and pH
distribution) and a lower proportion of calcifying to non-
calcifying species during 2019 and 2020 characterized by
higher surface water temperatures compared to the colder
year 2021.

Net primary production is the main factor controlling the
temporal and spatial variability of pH and pCO, in the
study area followed by temperature (effects of seasonality
and cooling as the Atlantic Waters propagate northward)
and mixing of water masses expressed with salinity
(seawater freshening).

The patchiness in the latitudinal and longitudinal
distributions of pCO, and O, saturation and their
irregular relationship with salinity suggest that vertical
mixing of the water column as an important process in
shaping surface pCO, fields and P/R in the Fram Strait area.
There is a need to better understand the role of sea ice
extent and the associated spread of warm Polar Surface
Waters (mixture of Polar Waters and Atlantic Waters) in
controlling primary production in the region, which is
crucial for predicting the capacity of Fram Strait waters
for absorbing atmospheric CO, in the future with less sea
ice. The smaller sea ice extent and greater spread of warm
Polar Surface Waters observed in 2021 coincided with a
westward shift of the chlorophyll @ maximum towards the
sea ice front. A reverse situation was observed in 2019 and
2020, when greater extension of Atlantic Waters in the
eastern part, as well as sea ice in the western part of the
Fram Strait area, were accompanied by chlorophyll a
maximum in the Atlantic Waters.
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Figure S1: Maps of sea ice concentrations, as derived from satellite passive-microwave observations
from the Advance Microwave Scanning Radiometer 2 (AMSR-2), University of Bremen (seaice.uni-
bremen.de, Spreen et al., 2008). Sea ice concentration on July 15" in (a) 2019, (b) 2020 and (c) 2021.
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2 Supplementary Table.

Table S1: Data collected during summer 2021 in the water column between 100 and 500m water

depth at different stations.

STATION LAT LONG DATE %&El\gghl[ljn(]; [ulgtfl?kg] [ulr:)?/kg] SALINITY T(E olé’[)P
N-5 76 30.062'N | 0729.789'E | 7/4/21 500 2166 2300 34.97 1.85
N-5 76 30.062'N | 0729.789'E | 7/4/21 200 2153 2304 35.01 3.33
N-5 76 30.062'N | 0729.789'E | 7/4/21 100 2158 2329 35.00 3.53
K12 7500.040'N | 0829.753'E | 7/7/21 500 2178 2288 34.91 0.19
K12 7500.040'N | 0829.753'E | 7/7/21 200 2168 2296 34.98 2.77
K12 7500.040'N | 0829.753'E | 7/7/21 100 2166 2299 35.03 3.88
Z8 78 08.209'N | 07 29.006'E | 7/15/21 500 2183 2302 34.92 0.39
Z8 78 08.209'N | 07 29.006'E | 7/15/21 200 2169 2313 34.97 1.93
EX9 7924994'N | 0431.130'E | 7/17/21 500 2177 2294 34.94 1.34
EX9 79 24.994'N | 0431.130'E | 7/17/21 200 2167 2297 34.99 2.85
EX9 79 24.994'N | 0431.130'E | 7/17/21 100 2164 2300 34.96 3.07

WB14 8034.794'N | 1202.792'E | 7/20/21 400 2168 2297 34.96 1.94
WB14 8034.794'N | 1202.792'E | 7/20/21 200 2163 2301 34.96 2.59
Y8 79 52.794'N | 0902.572'E | 7/21/21 450 2170 2296 34.96 2.04
Y8 79 52.794'N | 09 02.572'E | 7/21/21 400 2168 2303 34.98 2.88
Y8 79 52.794'N | 0902.572'E | 7/21/21 200 2166 2302 34.99 3.29
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The Arctic Ocean plays a crucial role in anthropogenic carbon sequestration, while also being among the regions
most susceptible to Ocean Acidification (OA). To understand, quantify, and monitor the rapid biogeochemical
changes in the Arctic shelves and coastal waters, it is necessary to accurately determine the complete marine
carbonate system. However, the uncertainty range in the calculated values is still unclear, fogging our ability to
properly estimate carbon inventory and OA. In this study, we collected samples in the Arctic open and coastal
waters to estimate the internal consistency of total alkalinity (TA), pH, partial pressure of CO2 (pCO32) and
dissolved inorganic carbon (DIC) when only two of them are measured and the other two calculated. In open
ocean waters, calculated values generally show good consistency with observations, whereas in coastal areas, it
was only possible to accurately calculate two variables: 1) pH using as input parameters pCO, together with
either TA or DIC, and 2) pCO; using DIC and pH. Furthermore, we found that, in this dataset, using the TA
estimated from its correlation with salinity together with pCO2 also allowed obtaining accurate pH values in both
coastal and ocean waters. This opens a new possibility of monitoring changes in the carbon cycle by measuring
only salinity and pCO; in areas where its consistency has been evaluated. Finally, in this study, we provide

guidelines for obtaining and reporting good-quality carbonate system data in Arctic coastal areas.

1. Introduction

Due to its low temperature, the Arctic Ocean has a large capacity to
absorb atmospheric CO5 (Bates and Mathis, 2009; Friedlingstein et al.,
2022). The constant uptake of anthropogenic CO, decreases seawater's
pH and lowers the carbonate saturation state, which is the principle of a
mechanism called Ocean Acidification (OA). OA is especially important
in Arctic continental shelf areas (Cross et al., 2018; Qi et al., 2022; Qi
et al., 2017; Robbins et al., 2013; Terhaar et al., 2020), where the
increasing freshwater discharge together with the remineralization of
terrestrial and in-situ-produced organic matter lowers the concentra-
tions of carbonate ion (CO3™) (Capelle et al., 2020; Qi et al., 2022;
Semiletov et al., 2016). Even though the Arctic shelves represent only
1% of the global ocean volume, they receive around 11% of the global
river discharge (Dai and Trenberth, 2002; Feng et al., 2021) and
contribute to as much as 5%-15% of the total carbon uptake (Bates and
Mathis, 2009; MacGilchrist et al., 2014; Manizza et al., 2019) repre-
senting a disproportionate role in the global coastal ocean carbon budget

(Dai et al., 2022). Due to its vast influence on the global carbon cycle, it
is crucial to obtain accurate, year-round data on the marine carbonate
system variables in order to understand and monitor ongoing changes.
Unfortunately, as a result of the harsh Arctic conditions, measurements
are scarce and most studies report only some variables, while others
have to be calculated using thermodynamic ion-pairing models (Bates
et al., 2009; Jones et al., 2021; Qi et al., 2020). This deficit of direct in
situ observations makes our ability to accurately calculate different
variables of the marine carbonate system crucial to assessing and un-
derstanding the key drivers for ocean acidification and carbon seques-
tration in the Arctic region.

The marine carbonate system consists of four measurable variables:
total alkalinity (TA), dissolved inorganic carbon (DIC), partial pressure
of carbon dioxide (pCO3), and pH. Commonly available mass balance
models make it possible to calculate two variables when the other two
are known (e.g. Lewis et al., 1998), as well as some other variables
related to the marine carbonate system such as aragonite and calcite
saturation states (Qar, Qca), concentration of carbonate ion (CO%_) or

* Corresponding author at: Institute of Oceanology of the Polish Academy of Sciences, Powstanicow Warszawy 55, Sopot 81-712, Poland.
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fugacity of CO2 (fCO2), which are the backbone for studies on OA and
carbon sequestration.

When different variables are calculated using mass balance models,
the accuracy of the computed parameters is directly influenced by 1) the
accuracy and precision of the measured initial input variables, 2) the
estimated uncertainties for the dissociation constants, and 3) the
contribution of non-parameterized seawater constituents like, for
example, organic alkalinity, NH3 or HS™ (Kerr et al., 2023; Lee and
Millero, 1995; Orr et al., 2018).

Orr et al. (2018) introduced an add-on for CO2SYSto compute the
estimated uncertainty for the calculated variables based on the un-
certainties of the input variables, providing the community with a tool to
report the propagated total uncertainty of the calculated values used in
their scientific studies. Furthermore, Carter et al. (2024) used discrete
open-ocean carbonate chemistry measurements collected within the
Global Ocean Data Analysis Project (GLODAPv2.2022) to calculate the
difference between the measured and calculated variables. Their work
shows that this difference was 1.7 times greater than the computed
estimated uncertainty, which questions our ability to produce calculated
data within the initial estimated uncertainties in open-ocean areas.

The structure and interconnections of the marine carbonate system
are even more complex in coastal areas, where the non-parameterized
components can be an important part of the carbonate system (Cai
et al., 2010; Kerr et al., 2021; Kulinski et al., 2014) and thus a consid-
erable source of errors (Patsavas et al., 2015; Sharp and Byrne, 2020).
Since the Arctic shelf areas are heavily influenced by inputs of fresh
water (e.g., Solomon et al., 2021), terrigenous organic matter (e.g.,
Capelle et al., 2020), and freshly produced organic matter (e.g., Qi et al.,
2022), all of which could be a source of unquantified contributions to
the carbonate equilibria, it is expected that the same type of inter-
comparison as presented by Carter et al. (2024) can produce there
even larger errors than in open-ocean areas. However, until today, there
have not been reported dedicated assessments of the marine carbonate
system consistency in Arctic coastal waters, providing an initial guide on
the quality of the calculated essential variables for OA and carbon in-
ventory in these regions.

Furthermore, the relationship between TA and salinity can be
considered conservative in oceanic waters (Lee et al., 2006), making it
possible to approximate TA from routinely measured salinity. Having TA
estimated in this way, the entire marine carbonate system can be
described by measuring only one of the remaining three variables: DIC,
pH, or pCO,. The calculations also require an input of other ancillary
data, such as temperature (also routinely measured) and concentrations
of DSi (dissolved silicate) and PO§’ (phosphate), the latter two being
often neglected due to their low contribution in oceanic waters. In recent
years, significant developments have also been made to measure pH and
pCO- using autonomous underwater sensors (e.g. Branham et al., 2016;
Nehir et al., 2022), providing high-resolution spatial and temporal
measurements in the entire water column. This approach has been
successfully used in open seas and coastal studies (Cullison Gray et al.,
2011; Jones et al., 2016), showing that salinity-derived TA can be
combined with accurate pH measurements to calculate different vari-
ables of the marine carbonate system. Applying a similar, simplified
approach to Arctic shelf areas could open new opportunities for moni-
toring these key regions for carbon sequestration, which are also highly
vulnerable to climate change. Before this can be done, however, it is
necessary to demonstrate that it is possible to calculate good-quality
data when only salinity (and salinity-derived TA), temperature, and
pH (or pCOy) are known and when some ancillary data that would in-
crease the accuracy of calculations are missing (e.g. DSi and PO3").

The insufficient knowledge about the internal consistency of the
carbonate system in Arctic coastal waters and thus about the quality of
calculated marine carbonate system parameters was the overarching
motivation for the present study. The basis for conducting this research
was a high-quality dataset including the full set of measurable variables
describing the structure of the carbonate system in coastal and open
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Arctic waters. This allowed us to define three research goals, which
were: (i) to understand how accurately TA, DIC, pH, and pCO2 can be
calculated in Arctic waters by comparing calculated values with
measured ones; (ii) to assess the quality of marine carbonate system
parameters calculated out of salinity-derived TA and measured pH or
pCOy; (iii) to estimate the errors in calculated marine carbonate system
variables resulting from omitting DSi and PO3~ as input parameters.

The findings of this study provide a general guideline on the quality
of previously and future reported calculated values of the marine car-
bonate system within the Arctic region.

2. Materials and methods
2.1. Sampling strategy

In the summer of 2021, within the frame of the annual Arctic expe-
dition on the RV Oceania (AREX21), 110 stations in the Atlantic sector of
the Arctic region were sampled to collect a complete set of parameters to
characterize the marine carbonate system (see below for further
description of the data collected). Samples were obtained from the open
ocean waters of the Fram Strait (between 74°N — 81°N and 0° - 20°E) and
in the coastal waters of the western Svalbard Archipelago covering the
continental shelf and three fjords: Kongsfjorden, Isfjorden, and Horn-
sund (Fig. 1). The data has been grouped into two sets: (i) ‘oceanic
samples’ covering the Fram Strait waters and the open waters of conti-
nental shelf, and (ii) ‘coastal samples’ representing the Svalbard fjords,
all of them within the Arctic region. A detailed representation of the
sampling locations is presented in the supplementary material (Fig. S1).
At all stations, samples were collected at a depth of 2.5 m, representing
the surface data. Additionally, at 18 selected stations in fjords, samples
were also taken at different depths in the water column. In total, 28 sets
of oceanic samples and 146 sets of coastal samples (80 surface and 66
water column) were collected during the cruise and used for further
research.

The set of parameters to characterize the marine carbonate system
comprised temperature, salinity, DIC, TA, pH, phosphate (PO3"), and
dissolved silicate (DSi). All of these variables were measured in both,
water column and surface samples. Additionally, pCO5 was measured in
the surface layer (2.5 m water depth). All the water column and surface
water samples for pH, DIC, TA, pCO,, phosphate, and silicate followed
the same state-of-the-art sampling and storage procedures as described
by Dickson (2007) and Grasshoff et al. (2009). A detailed description of
the methods and accuracy/precision of the measurements is provided in
Appendix A.

DIC, DSi, and PO3~ data from the water column in fjords were pre-
viously compiled and published by Saghravani et al. (2024). The oceanic
data were taken from Aguado Gonzalo et al. (2024). The rest of the water
column data and all the surface data from the fjords are unique and
original products of this study and can be downloaded from Aguado
Gonzalo et al. (2024). Since the database was compiled from different
sources, all data used in this study have also been collected and attached
to this manuscript as supplementary material (Table S1).

2.2. Calculations of the marine carbonate system parameters and its
propagated total uncertainty

The carbonate system parameters (DIC, TA, pCO, and pH) were
calculated using all possible combinations of input pairs. For instance, in
the surface waters, calculated DIC (DICc,c) was obtained using TA&pH,
TA&pCO,, and pCO2&pH. In the case of the water column data, pCO»
was not collected; therefore, only one calculation for each variable was
done, e.g., DIC.y)c using TA&pH. This results in 12 calculated variables
in each set of surface samples (4 parameters x 3 combinations of input
parameters) and 3 in each set of water column samples (3 parameters x
1 combination). For each calculation, DSi and PO%’ were included as
ancillary data.



F. Aguado Gonzalo et al.

Marine Chemistry 274 (2026) 104604

Fig. 1. Map of the sampling locations (blue dots) in the Fram Strait and western fjords of the Svalbard Archipelago. Colored area represents zones covered with sea
ice. Sea ice has been calculated from AMSR2 data using the ARTIST sea ice algorithm (ASI 5) (Spreen et al., 2008). A more detailed view of the surface and water

column stations is presented in the supplementary material (Fig. S1).

Hereafter, computed values will be noted as X(Y,Z), similar to the
notation proposed by Patsavas et al. (2015), where X is the parameter
calculated as a function of the input parameters Y and Z. The subscript
“no nu”, X(Y,2)no nu, was added for specific cases where measured DSi
and PO3~ were not used as input ancillary data to test the influence of
ignoring nutrient data on the quality of marine carbonate system cal-
culations (see section 2.4.).

Calculations of the marine carbonate system parameters were carried
out using the EXCEL version of the CO2sys program (Lewis et al., 1998)
updated by Orr et al. (2018) (https://github.com/jamesorr/CO2
SYS-Excel). The selection of dissociation constants has been preceded
by a thorough literature review. Several authors have evaluated the
consistency of the calculations in Arctic waters when using different
dissociation constants of carbonic acid (Chen et al., 2015; Chierici and
Fransson, 2009; Raimondi et al., 2019; Woosley et al., 2017; Woosley
and Moon, 2023; Anderson et al., 1998). They suggested that the set of
constants (K; and Kjy) proposed by both Lueker et al. (2000) and
Mehrbach et al. (1973), refitted by Dickson and Millero (1987), pro-
duces the lowest bias between calculated and measured values of the
carbonate system parameters. Since the set of constants from Lueker
et al. (2000) was determined on the total pH scale, similarly to our
measurements, it better fits into our study. Moreover, Woosley and
Moon (2023) evaluated the sets of constants across a wide range of
temperatures and salinities, which includes the ones reported in this
study. Based on their findings and previous studies in the other Arctic
regions, the set of constants from Lueker et al. (2000) was used together
with the KHSO4 from Dickson et al. (1990), the fluoride dissociation
constant of Perez and Fraga (1987), and the borate dissociation con-
stants of Lee et al. (2010). An independent evaluation of the influence of
the different dissociation constants on the internal consistency of our
dataset was not possible because of the biogeochemical complexity of
the samples, which covers not only a wide range of salinities and tem-
peratures but also depths, and biogeochemical gradients (e.g. proximity
to sea ice and glaciers, mixed influence of river runoff from geologically
different catchment areas and thus of mixed chemical composition of
seawater, influence of sediments). Unravelling the relationship between
the dissociation constants and the complex biogeochemical gradients is
beyond the scope of this study. Still, we tested the sensitivity of the
calculations based on the choice of the dissociation constants and added
a rationale in Appendix C.

The pressure used for all calculations was 1 atm, meaning that the
results are not compared at “in situ” conditions but rather at laboratory

conditions, reducing the errors associated with re-calculations to in situ
pressure. Since pH was measured at 25 °C and pCOs at in situ temper-
ature, calculations using the pair of pH and pCO; were first normalized
to the same temperature. This was done by recalculating pH data to in
situ temperature.

The add-on to the COysys provided by Orr et al. (2018) allowed us to
estimate the uncertainties of all final calculated results. These un-
certainties, defined in our study as “expected uncertainties”, are related
to the propagation of the initial uncertainties of all the individual
components used in the calculations. In this study, we use as initial
uncertainties (i) the input parameters measured and (ii) the dissociation
and solubility constants applied in the calculations. No more initial
uncertainties were taken into account, like for example, the effect of
organic-acid alkalinity, the concentration of NH3 or HS™, therefore, the
term expected uncertainties was used rather than the propagated total
uncertainties. The summary of uncertainties of both these groups is
compiled in the supplementary material (Table S2). The uncertainties of
the measured parameters have been determined in this study and
correspond to the precision/accuracy of the measurements (see sup-
plementary material Text S1), while the uncertainties of dissociation
and solubility constants are presented after Orr et al. (2018), who
collected them from previously published data. Following the procedure
from Orr et al. (2018), the expected uncertainties have been determined
for every single calculation performed in this study, X(Y,Z). Afterwards,
the expected uncertainties were grouped according to the calculated
variables (X) and the applied combination of the input parameters (Y,Z)
and, finally, averaged for the coastal and oceanic subgroups. For
instance, 30 different oceanic data sets were collected and used to
calculate 30 different TA(DIC,pH), together with their expected un-
certainties. The average of the corresponding 30 expected uncertainties
of TA was estimated and denoted as the expected uncertainty for the
oceanic TA(DIC,pH).

2.3. Consistency between measured and calculated variables, the real
errors

All the marine carbonate system parameters, X(Y,Z), calculated as
described in section 2.2., were then compared with the corresponding
measured values, X™, The differences between both measured and
calculated values represent the dispersion of the calculated results with
respect to the measured ones, AX(Y,Z), Eq. (3). Assuming that the
measured values are the “true values”, the difference represents the real
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error derived from the calculations, hereinafter referred to as the “real
errors”.

AX(Y,Z) = X" —X(Y,Z) 3)

To understand the scale of the dispersion of all the AX(Y,Z) calcu-
lated in each of the two subgroups (oceanic and coastal samples) three
statistical approaches were used: a) the average of AX(Y,Z) together
with its SD (x AX(Y,Z) & SD), b) the 68 percentile (68%ile) of all the
absolute values of AX(Y,Z) (68%ileAIX(Y,Z)I), and c) the 95 percentile
(95%ile) of all the absolute values of AX(Y,Z) (95%ileAIX(Y,Z)I).

The x AX(Y,Z) is computed as the mean of all the AX(Y,Z) deter-
mined separately for each subgroup (oceanic or coastal samples), and it
only represents their apparent offset from X™®, which could be an
indication of a systematic deviation in the dataset or a systematic error.
Importantly, the SD is, in this case, a measure of the spread of the data
around the mean absolute uncertainty x AX(Y,Z), and it is not a rep-
resentation of the spread of the data around the measured value X™¢,
Since the AX(Y,Z) values are not normally distributed in our dataset, the
dispersion of the data around the real value (AX(Y,Z) = 0) was calcu-
lated using the 68th and the 95th percentile of the absolute values of AX
(Y,Z), providing a tool to estimate the uncertainty of the calculated
dataset, hereinafter referred to as the “absolute uncertainty”. A brief
justification for this choice is addressed later on in the discussion
section.

The 68%ile and the 95%ile were initially determined using the ab-
solute values of AIX(Y,Z)I. Further in the process, the absolute value sign
was removed, and the corresponding absolute uncertainty was pre-
sented as:

68%ileAX(Y,Z) = +68%ileAIX(Y,Z)I.

The same procedure was applied to 95%ile, defined as:

95%ileAX(Y,Z) = +95%ileAIX(Y,Z)I.

2.4. The effect of omitting phosphate and silicate in the calculations

When calculating different variables of the marine carbonate system,
DSi and PO3~ can be added as ancillary parameters to reduce the un-
certainty and improve the accuracy of X(Y,Z). In case DSi and PO?( are
not provided as input data, the CO2sys program assumes that both
values are 0, which consequently adds new uncertainties to the calcu-
lated values. To estimate the contribution of not including nutrient data
to the real errors AX(Y,Z), we calculated the absolute difference between
each of the computed parameters with and without the input of
measured DSi and POz :

ANuX(Y,Z) = [X(Y,Z) = X(Y, Z) 5 pul 4

Then, similarly to AX(Y,Z), the 68%ile was also determined for
ANuX(Y,Z), and denoted as 68%ileNuX(Y,Z). The contribution of nu-
trients to the absolute uncertainty was expressed as the 68%NuX(Y,Z)/
68%ileAX(Y,Z), and further in the text its notation is simplified to %A
Nu. Similar to other uncertainty estimations, ANuX(Y,Z) and %ANu
were quantified for all the oceanic and coastal samples. For samples in
which DSi and PO3~ were below the detection limit of the instrument
(0.3 pmol L™! and 0.1 pmol L™}, respectively), the concentrations equal
to 50% of the detection limit were applied in the calculations due to the
mathematical constraints, which is equivalent to 0.15 pmol L™! for DSi
and 0.05 pmol L™! of PO}, respectively.

2.5. Using TA as a function of salinity

To estimate the accuracy of the marine carbonate system calculations
when salinity-derived TA is used as the input parameter, we first
determined the linear regression between all the TA data collected in
this study and the corresponding salinities. Afterwards, the absolute
differences between the TA measured and the TA estimated from this
linear regression were calculated. The 10% of the data with the highest
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absolute differences was excluded (only during this exercise, but not
from the main dataset) to prevent big deviations in the relationship due
to exceptionally high/low values. Finally, based on the remaining 90%
of the data, a new linear regression equation (The graphical projection is
presented in Appendix B as Fig. B1) was determined (Eq. 5) from which
the salinity-derived TA (TAg) was quantified for further numerical tests.
TAg was calculated for all the samples, including the ones not taken into
account to estimate TAg. Furthermore, we used TAg to compare the
absolute uncertainties in calculated pCO, and pH when TAg was used as
the input parameter. Quantitatively, the effects of substituting measured
TA with TAg on the quality of calculated pCO, and pH were assessed by
comparing the 68%ile of ApCO2(TAs,pH) with the 68%ile of ApCO2(TA,
pH) and the 68%ile of ApH(TAg,pCO2) with the 68%ile of ApH(TA,
pCOy), respectively.

TAs = 43.426'(S) +782.18;R* = 0.9579 5)

2.6. Establishing a threshold for data quality

To understand the quality of marine carbonate system calculations in
Arctic waters, we compared the 68%iles of different combinations of AX
(Y,Z) obtained in our study with thresholds defined by Newton et al.
(2014) for weather-quality measurements, i.e. those that allow for
resolving the regional and short-term variability of the marine carbonate
system. According to Newton et al. (2014), the relative standard un-
certainties should be less than 10 pmol kg~! for DIC and TA, 0.020 for
pH, and 2.5% for pCOs». In this study, the mean measured pCO2 was 294
patm, therefore, we proposed a limit of 7 patm (2.5%) for pCO2 uncer-
tainty, which, together with the above-mentioned thresholds for DIC,
TA, and pH, allowed us to segregate the AX(Y,Z) between “good quality”
data and “bad quality” data.

3. Results and discussion
3.1. Variability of the collected data

The mean, maximum, and minimum values of DIC, TA, PO%’, DSi,
salinity, temperature, pH, and pCO; characterizing oceanic and coastal
samples are presented in Table 1.

Due to the interaction between melted sea ice water and Atlantic
water at the surface in the Fram Strait (Aguado Gonzalo et al., 2024), the
oceanic samples covered a wide range of salinities from a minimum of
31.77 to a maximum of 35.01, with an average of 34.23. Samples
collected in fjords had, on average, lower salinities (32.52) due to the
overall high influence of continental runoff and glacial melting water,
with a maximum salinity of 34.85 and a minimum of 27.97. The water
temperature in both datasets had a similar variability, with an average of
4.09 °C and 4.44 °C for the open ocean and coastal areas, respectively.

Please note that for the range of salinities and temperatures pre-
sented in this dataset, the assessment of the internal consistency asso-
ciated with the different dissociation constants was rigorously evaluated
by Woosley and Moon (2023). The uncertainty related to the choice of
dissociation constants was used in this study to estimate the expected
errors (together with the other input parameters, see Table S2).

The concentrations of TA ranged from 1970 pmol kg ! to 2343 pmol
kg~ !; both the highest and the lowest values were found in fjord waters,
while the oceanic samples showed a lower variability, from 2128 pmol
kg~! to 2333 pmol kg~!. On average, oceanic samples had a higher TA
(2270 pmol kg™!) than the fjord samples (2194 pmol kg™1). A similar
distribution was found for DIC samples, where the highest (2283 pmol
kg™!) and lowest (1835 pmol kg™1) concentrations were sampled in the
fjords. On average, DIC concentration in the fjord samples (2028 pmol
kg™1) was lower than in the open ocean (2071 pmol kg™1).

The surface waters in the entire region were undersaturated in CO;
with respect to the atmospheric levels. The lowest pCO5, with a value of
202 patm, was measured in the oceanic area close to the sea ice. The
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Table 1
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Average, maximum, and minimum of all the parameters measured in this study (28 oceanic samples and 146 coastal samples). pH data is reported at 25 °C on the total

scale. Values of PO3~ and DSi marked with a star mean half of the detection limits.

DIC TA P03~ DSi Salinity T [°C] pH pCO;

[pmol kg’l] [pmol kg’l] [pmol L1 [pmol L [patm]

Average 2071 2270 0.60 1.70 34.23 4.09 7.853 280

Ocean Max 2135 2333 8.00 4.12 35.01 6.81 7.925 352
Min 1923 2128 0.05* 0.15% 31.77 -0.74 7.749 202

Average 2028 2194 0.16 1.47 32.52 4.44 7.812 299

Coastal Max 2283 2343 1.03 7.94 34.85 7.74 7.878 333
Min 1835 1970 0.05* 0.15* 27.97 -1.69 7.478 245

highest values (352 patm) were also observed in the open ocean, but in
the waters of Atlantic origin located in the southern part of the study
area.

The pH in all the samples was measured at 25 °C; therefore, the
discussed pH variability does not reflect the in situ conditions. On
average, the pH in the fjords was lower (7.812) than in the oceanic part
(7.853), which reflects, on average, lower TA and higher pCO2 measured
in the fjords (Table 1). The larger spread of the pH data, as reflected by
minimum and maximum values, was observed in the fjords (from 7.478
to 7.878) than in the open ocean (from 7.749 to 7.925).

The distribution of the concentrations of the two nutrient species
included in our dataset (PO}~ and DSi) shows patterns opposite to each
other. While the maximum of DSi (7.94 pmol L) was measured in fjord
waters, the maximum of PO3;  (8.00 pmol L_l) was in the oceanic
samples (Table 1). The average concentration of DSi was very similar in
the fjords and the ocean, with 1.47 and 1.70 pmol L™}, respectively. On
the other hand, the average concentration of POz in the ocean (0.60
pmol L™!) was about 4 times higher than in the fjords (0.16 pmol L™1).
Approximately 40% of all the PO}~ samples and 5% of the DSi samples
had concentrations below the instrument's detection limit.

3.2. Statistical analysis to present the absolute uncertainty

The datasets containing results of at least 3 measurable parameters of
the marine carbonate system (TA, DIC, pCO,, and pH) give a unique
opportunity to investigate the consistency between the variables and
determine the absolute uncertainty (or real errors). This is done by
quantification of the differences between measured and calculated pa-
rameters, AX(Y,Z). The dispersion of the obtained AX(Y,Z) in the dataset
is the most commonly presented with an average, x AX(Y,Z), and its SD
(e.g., Chen et al., 2015; Patsavas et al., 2015; Raimondi et al., 2019).
However, as reported by Carter et al. (2024), the x AX(Y,Z) only rep-
resents a bias of the data with respect to AX(Y,Z) = 0, and its SD shows
the spread of the data around x AX(Y,Z), which makes difficult to
compare the SD of different studies unless the x AX(Y,Z) bias is cor-
rected in all of them.

In this study, in addition to the commonly used approach referring to
the arithmetic average, we also estimated the absolute uncertainty as the
spread of the data around the value of 0 error, or AX(Y,Z) = 0. For this,
we determined the 95% and 68% confidence intervals (95%ile and 68%
ile, respectively) around the true value (AX(Y,Z) = 0), which correspond
approximately to two standard deviations and one standard deviation,
respectively, describing the spread of the results around the median
value in the dataset. Although AX(Y,Z) = 0 is usually not a median in our
datasets, applying 95%ile and 68%ile allowed us to estimate the abso-
lute uncertainties (or real errors) of the calculations as a spread around
the true/measured results, which may be useful information for those
who conduct CO; system studies in Arctic waters. Another approach to
calculating SD around AX(Y,Z) = 0 would be to correct the dataset first
for the bias represented by x AX(Y,Z). However, most of the studies
about the carbonate chemistry in Arctic waters are based on measure-
ments of two variables only and the calculation of the other two (e.g.
Capelle et al., 2020; Cross et al., 2018; Qi et al., 2020). Thus, it is

impossible to correct the x AX(Y,Z) bias, as this requires at least three
measured variables. Since this study aimed to present the real errors
without any correction for bias (systematic uncertainty) to understand
our overall ability to estimate the marine carbonate system structure
when only two variables are measured/known (as in most of the studies
in Arctic waters), we decided to use the 68%ileAX(Y,Z) as the main tool
further in the discussion to understand the absolute uncertainty asso-
ciated to our results.

3.3. Calculated TA and DIC data quality in oceanic and fjord waters

The expected uncertainties and the absolute uncertainties for each
TA(Y,Z) and DIC(Y,Z) are graphically presented in Figs. 2 and 3, while
their averages are collected in Table 2. Please note that the expected
uncertainties are solely related to the propagation of errors of the input
parameters through the calculations (uncertainties related to the selec-
tion of dissociation and solubility constants and measured variables).

The results of both expected uncertainty and absolute uncertainty
clearly show that the accuracy of the calculated DIC and TA highly de-
pends on the combinations of the input variables (Table 2). Calculations
of DIC and TA that use pH and pCO; together provide the worst results,
with an absolute uncertainty, as expressed with 68%iles of ATA and
ADIC, between 2.5 and 6 times larger than the weather-quality limit of
10 pmol kg !, The poor agreement between measured TA and DIC and
calculated as TA(pH,pCO2) and DIC(pH,pCOy) is a well-known princi-
ple, already documented in copious studies (e.g. Carter et al., 2024;
Millero, 2007; Orr et al., 2018). Our results support previous findings
and clearly show that TA and DIC can not be calculated within the
weather-quality goal out of pCO3 and pH, neither in oceanic nor coastal
samples. Due to the low quality, the results of TA(pH,pCO-) and DIC(pH,
pCO2) will not be further discussed in the text.

Other combinations to calculate TA and DIC require whichever pH or
pCO- and DIC (to calculate TA) or TA (to calculate DIC). For all of them,
the 68%ile of ATA and ADIC range between +5 and + 8 pmol kg ™! for
open ocean waters, which is below the weather-quality threshold
(Table 2, Fig. 2 and 3) and comparable to previously published values
for high latitudes. Woosley et al. (2017) reported the SD for the x ATA
ranging from +4.8 to £5.8 umol kg~! and between +4.8 and + 5.2
pmol kg ! for x DIC in the Arctic Ocean. Similar results were found by
Raimondi et al. (2019) in the Labrador Sea, who computed an SD be-
tween +£4.2 and + 7.9 pmol kg ™! for x ATA and between +4.8 and +
8.2 pmol kg’1 for x DIC. In all these studies (including our), the
weather-quality threshold was achieved.

Importantly, the absolute uncertainty of all calculated TA and DIC in
the oceanic samples was between-1.6 and-2 times higher than the ex-
pected uncertainty (see Table 3 and Figs. 2 and 3). This suggests that
other components influencing the structure of marine carbonate chem-
istry, which are not accounted for in the uncertainty propagation in the
thermodynamic model, may have been present in the seawater at the
time of sampling. Looking at the oceanic data in our study (Table 2,
Fig. 2) alittle bit more in detail, it is possible to identify a positive bias in
ATA, which is expressed with the average values of x ATA(DIC,pH) = 4
pmol kg ! and x_ATA(DIC,pCO,) = 3 pmol kg~L. This is the effect of an
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Fig. 2. Graphic representation of the ATA for all the samples collected in this study. The blue dots represent samples collected in the surface waters, and the red dots
in the water column. The error bars indicate the range of the expected uncertainty. The weather quality threshold is graphically marked as two red lines on the Y axis;
results with larger ATA could be considered as of bad quality, while those with smaller ATA as of good quality. The dark grey area covers 68% of the results with the
ATA closer to the true value (ATA = 0). When the dark grey area does not extend beyond the red lines, the calculations are within the weather-quality threshold. The
light grey area covers 95% of the results closer to ATA = 0 and represents the maximum variability of the dataset.

overall predominance of positive ATA results in this dataset, which in- Therefore, a small amount of excess alkalinity is expected there due to
cludes only four results of negative ATA lower than —5 pmol kg! The the influence of non-parameterized organic alkalinity freshly produced
positive ATA as generated by higher TA measured than TA calculated by the phytoplankton (Ko et al., 2016). As presented before, to calculate
(Eq. 3) is often interpreted as an excessive TA caused by organic sub- ATA, it is necessary to use DIC as an input parameter and vice versa.
stances (e.g. Kulinski et al., 2014). Fram Strait waters are characterized Thus, non-parameterized organic alkalinity that generates a positive
by high productivity during summer (Cherkasheva et al., 2014). ATA bias should also be reflected as a negative bias in ADIC (excess of
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Fig. 3. Graphic representation of the ADIC for all the samples collected in this study. The blue dots represent samples collected in the surface waters, and the red dots
in the water column. The error bars indicate the range of the expected uncertainty. The weather quality threshold is graphically marked as two red lines on the Y axis;
results with larger ADIC could be considered as of bad quality, while those with smaller ADIC as of good quality. The dark grey area covers 68% of the results with the
ADIC closer to the true value (ADIC = 0). When the dark grey area does not extend beyond the red lines, the calculations are within the weather-quality threshold.
The light grey area covers 95% of the results closer to ADIC = 0 and represents the maximum variability of the dataset.

calculated DIC). This is because the excess TA is not included in the
thermodynamic model as organic alkalinity, but instead, it is interpreted
in the model as carbonate alkalinity, producing artificially high calcu-
lated DIC. This situation was observed in our data, where the x ADIC
(TA,pH) is equal to —3 pmol kg~ '. On the other hand, the negative ATA
values in the oceanic waters were found close to the sea ice. Although

there is no clear explanation for this phenomenon, it may be related to
the presence of ikaites (a form of carbonates) in seawater, which have
been documented to cause inconsistencies in non-filtered samples (Chen
et al., 2015).

For coastal waters, the quality of the calculated TA and DIC was
lower compared to the open ocean, and the associated absolute
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Averages of the expected uncertainties for all the AX(Y,Z) calculated in this study and the absolute uncertainty expressed with x_ AX(SD), 68%ile and 95%ile for the

oceanic and coastal samples.

Variable Expected uncertainty X AX(SD) X AX(SD) 68%ileAX(Y,Z) 68%ileAX(Y,Z) 95%ileAX(Y,Z) 95%ileAX(Y,Z)
Ocean Coastal Ocean Coastal Ocean Coastal
ATA(DIC,pCO>) +3 3+8 1+17 +6 +11 + 16 + 38
ATA(DIC,pH) +5 4+7 2+17 +8 +12 +13 + 42
ATA(pH,pCO3) +26 14 + 54 4 +59 +45 +56 + 90 + 119
ADIC(TA,pCO>) +3 -2+7 -1+15 +5 +10 + 14 + 34
ADIC(TA,pH) +5 -3+6 -2+16 +8 +11 +12 + 39
ADIC(pH, pCOy) +25 10 + 50 2+53 +38 +42 + 78 + 110
ApH(TA,DIC) +0.010 —0.007 + 0.014 —0.003 + 0.039 +0.017 +0.027 + 0.027 + 0.093
ApH(TA,pCO2) +0.004 —0.002 + 0.009 —0.001 + 0.010 +0.007 +0.010 + 0.015 + 0.02
ApH(DIC,pCO3) +0.005 —0.002 £+ 0.010 —0.001 £ 0.010 +0.007 +0.009 + 0.015 + 0.021
ApCO4(TA,DIC) +11 3+10 0+31 +9 +19 + 23 + 71
ApCO4(TA,pH) +11 -2+6 -1+9 +5 +9 + 14 +18
ApCO4(DIC,pH) +11 —-2+6 0+8 +5 +6 + 13 +17
Table 3 objective of our study, which aimed to investigate for the first time the
able

Increase of the real error, with 68% confidence intervals (68%ile ANu), when
the values of PO;~ and DSi are not used as input data in the calculations, in
oceanic and coastal samples. The %ANu indicates the increment of the absolute
uncertainty in %.

Variable 68%ile ANuX(Y,Z) 68%ile ANuX(Y,Z) %ANu %ANu

Oceanic Coastal Oceanic Coastal
TA(DIC,pCO3) +0.39 +0.03 6.5% 0.3%
TA(DIC,pH) +0.41 +0.22 5.1% 1.8%
TA(pH,pCO5) +0.39 +0.03 0.9% 0.1%
DIC(TA,pCO2) +0.34 +0.03 6.8% 0.3%
DIC(TA,pH) +0.39 +0.21 4.9% 1.9%
DIC(pH, pCO») +0.00 +0.00 0.0% 0.0%
PH(TA,DIC) +0.001 +0.000 5.9% 0.0%
PH(TA,pCO2) +0.000 +0.000 0.0% 0.0%
PpH(DIC,pCO2) +0.000 +0.000 0.0% 0.0%
pCO5(TA,DIC) +0.65 +0.34 7.2% 1.8%
pCOL(TA,pH) +0.09 +0.04 1.8% 0.4%
pCOL(DIC,pH) +0.03 +0.02 0.6% 0.3%

uncertainties were betweernr 1.7 and 3.7 times higher than the expected
uncertainties. In this case, the 68%ileATA and the 68%ileADIC were
equal or slightly worse (from +10 pmol kg™! to +12 pmol kg™!) than
the weather-quality goal (10 pmol kg™1) (Table 2). Importantly, the
results of this study are, until today, the only ones describing the real
errors of the marine carbonate system calculations for Arctic coastal
areas. Although this fact makes it impossible to directly compare our
findings with other similar studies from high latitudes, the obtained
results contribute to the global efforts aiming at quantifying the quality
of the calculated marine carbonate system variables in coastal regions.
Our absolute uncertainties for TA and DIC are slightly higher than those
by Patsavas et al. (2015), who reported SD for x ATA from two U.S.
coastal cruises with values between +4.2 and + 7.4 pmol kg™'. How-
ever, their TA range, with minimum values of 2100 pmol kg’l, was
rather more similar to our oceanic TA variability (min. TA of 2128 pmol
kg_l) than to conditions we observed in coastal waters (min. TA of 1970
pmol kg™1). On the other hand, Salt et al. (2016) reported higher values
of SD for x ATA and X ADIC (between +7 and = 29 pmol Kg~}) for the
North Sea, claiming that they are due to the influence of organic
compounds.

To attribute the absolute uncertainty in the calculated TA and DIC
that we found in the coastal samples to organic alkalinity, it would be
expected a correspondingly high positive bias in the ATA. This was,
however, not the case. Instead, there was a strong variability around the
0 value, without any recognizable positive x ATA, and also with no clear
differences between the surface water layer and water column. Still, it
was possible to find some high positive values of ATA >30 pmol kg™*
close to river mouths and strong negative ADIC near glacial fronts (only
in some cases and near the bottom waters). However, a detailed inter-
pretation of each positive and negative ATA or ADIC was not the main

overall consistency of the marine carbonate system in Arctic coastal
waters. Nevertheless, with our results, we would like to transmit the
conclusion that calculating TA or DIC in coastal Arctic waters produces
data of lower quality. Thus, the computed DIC and TA for high-latitude
coastal regions should be interpreted with caution and preferably also
supported by in situ measurements.

3.4. pH calculated vs measured in oceanic and fjord waters

The expected uncertainties and the absolute uncertainties for each
pH(Y,Z) are graphically presented in Fig. 4, while their averages are
collected in Table 2.

The absolute uncertainty (or real errors) for calculated pH was larger
than the estimated one for both oceanic ¢1.7 times larger) and coastal
(betweernr2.7 and 3.8 times larger) Arctic waters. The magnitude of the
discrepancy we identified for the open ocean is comparable to findings
by Carter et al. (2024), who assessed the consistency of the carbonate
system using oceanic data from the Global Ocean Data Analysis Project
(GLODAP) and reported between 1.5 and 1.8 times larger absolute un-
certainty (denoted as combined standard uncertainty) than the expected
one. Interestingly, the 68%ile of ApH reported in this study for oceanic
waters is exactly the same as the SD of the x ApH reported by Woosley
et al. (2017), which solidifies our knowledge about the observed con-
sistency of the marine carbonate system in the region.

The quality of the calculated pH clearly depends on the pair of var-
iables used to calculate it (Table 2). In this study, all the absolute un-
certainty (68%ilesApH) determined for oceanic samples were below the
weather-quality threshold of +£0.020. The worst quality of the pH results
was calculated out of TA and DIC, for coastal waters, where the absolute
uncertainty was larger (+0.027) than the weather-quality limit. Similar
observations were made by Raimondi et al. (2019), who calculated the
SD of the x ApH data collected during several cruises in the North Sea,
and in some of them, the SD of x ApH(TA,DIC) was +0.021. This con-
firms that calculations of pH using TA and DIC as input variables should
be avoided in coastal waters, including Arctic regions. On the other
hand, when pH in fjords was calculated using pCO2 and either TA or DIC,
their quality was high and only slightly worse than for the open ocean
(Table 2). All these findings entail that pCOy has to be measured to
obtain an accurately calculated pH. In this study, we only evaluated ApH
(TA,pCO2) and ApH(DIC,pCO3) in surface waters due to the pCO5
sampling limitations. However, it would be interesting to check in future
studies the quality of pH calculations also in the water column,
exploiting data generated by pCO; profilers.

3.5. pCO2 calculated vs measured in oceanic and coastal waters

The expected uncertainties and the absolute uncertainties for each
pCO2(Y,Z) are graphically presented in Fig. 5, while their averages are
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Fig. 4. Graphic representation of the ApH for all the samples collected in this study. The blue dots represent samples collected in the surface waters, and the red dots
in the water column. The error bars indicate the range of the expected uncertainty. The weather quality threshold is graphically marked as two red lines on the Y axis;
results with larger ApH could be considered as of bad quality, while those with smaller ApH as of good quality. The dark grey area covers 68% of the results with the
ApH closer to the true value (ApH = 0). When the dark grey area does not extend beyond the red lines, the calculations are within the weather-quality threshold. The
light grey covers 95% of the results closer to ApH = 0 and represents the maximum variability of the dataset.

collected in Table 2. situ temperature from the measured value at 25 °C entails extra un-

In contrast to all other variables, the expected uncertainty for all the
pCO;, results calculated with different pairs was the same (+11 patm),
and it was larger than any of the absolute uncertainties (68%ile of
ApCOy) determined for oceanic waters. While generally pCO5(TA,DIC)
is expected to produce larger expected uncertainties than pCO, (TA,pH)
or pCO,(DIC,pH) (e.g., Carter et al., 2024), the recalculation of pH to

certainties. The COasys used for the calculations (Orr et al., 2018) esti-
mates an extra 0.01 uncertainty for this step. Indeed, larger
uncertainties are expected due to the temperature-related conversion.
However, the 68%iles of ApCO2(TA,pH) and ApCO2(DIC,pH) obtained
in this study demonstrate that it is possible to calculate high-quality
pCO; even if the whole procedure requires an additional step in
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Fig. 5. Graphic representation of the ApCO, for all the samples collected in this study. The blue dots represent samples collected in the surface waters, and the red
dots in the water column. The error bars indicate the range of the expected uncertainty. The weather quality threshold is graphically marked as two red lines in the Y
axis; results with larger ApCO, could be considered as of bad quality, while those with smaller ApCO, as of good quality. The dark grey area covers 68% of the results
with the ApCO;, closer to the true value (ApCO; = 0). When the dark grey area does not extend beyond the red lines, the calculations are within the weather-quality
threshold. The light grey covers 95% of the results closer to ApCO, = 0 and represents the maximum variability of the dataset.

computation. In fact, the real errors of pCO5 calculated with the use of
pH measured at 25 °C as an input parameter were low and within the
weather-quality threshold (2.5% of the measured pCO,, equivalent to
+7 patm in our study) for oceanic samples and only slightly higher for
coastal waters, but still for ApCO2(DIC,pH) the 68%ile was lower than
+7 patm (Table 2).

Previously published studies evaluating the quality of calculated

10

pCO- in oceanic waters are not always conclusive (reference in the next
lines). While all of them reported smaller absolute uncertainties for
ApCO2(TA,pH) and ApCO2(DIC,pH) than the weather quality threshold,
there is no clear agreement for ApCO2(TA,DIC). Some studies indicated
smaller real errors than the 2.5% threshold (Chen et al., 2015; Patsavas
et al., 2015), while others have shown larger ones (Carter et al., 2024;
Raimondi et al., 2019; Woosley et al., 2017). The findings of the latter
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group are also supported by our observations (Table 2), which suggest
an overall low quality of pCO2(TA,DIC) and a necessity to supplement
such calculations with pCO, measurements, especially in Arctic coastal
waters.

3.6. The influence of nutrients in the calculations

The nutrient concentrations (PO%‘ and DSi) are a part of the marine
carbonate system as a component of TA (Wolf-Gladrow et al., 2007).
Therefore, it is expected that calculations of the marine carbonate var-
iables without including nutrients may have lower quality. Our results
(Table 3) from coastal samples show that omitting nutrients increases
only slightly the absolute uncertainty (from 1.9% to 0.0%). The effect is
even smaller (max. 0.6% increase) if we take into account only these
calculations, which give the results of quality better than the weather
threshold, namely pH(TA,pCO3), pH(DIC,pCO3), pCO2(TA,pH), and
pCO2(DIC,pH). This contribution can be considered negligible. Still, the
results we present refer to the time of sampling in the middle of the polar
day when the nutrient concentrations were low in fjords, and their
contribution to the total absolute uncertainty may change in different
seasons depending on the concentration of PO;~ and DSi in coastal
waters.

On the other hand, a substantial contribution to the errors resulting
from omitting Poﬁf and DSi (an increase up to 7.2% of the real errors)
was found for oceanic samples, especially in cases when TA was either
calculated or used as an input variable (Table 3). To some extent, the
higher percentage contributions (compared to coastal samples) are an
effect of higher nutrient concentration in samples with lower absolute
uncertainties. Thus, the contribution of nutrients to the absolute un-
certainty becomes more prominent (Table 3). Looking at the oceanic
dataset a bit more in detail, it is possible to observe that a particularly
high contribution of nutrients to the absolute uncertainty was measured
in samples collected close to the sea ice. The Fram Strait area is known
for productive waters supplied with nutrients also from sea ice melting
(e.g. Mayot et al., 2020). It is well known that there is a natural accu-
mulation of PO3~ and DSi associated with the precipitation of ikaites
during sea ice formation and their subsequent release into the sur-
rounding waters during the melting season (Hu and Wang, 2020;
Nedashkovskii et al., 2008), thus, the exceptionally high errors were a
consequence of this process. Overall, the errors generated by not
including nutrients in marine carbonate system calculations are not
critically high in our dataset. Still, taking them into account may
considerably improve the quality of the calculations in which TA is
either calculated or used as an input variable, especially in areas influ-
enced by sea ice melt waters.

3.7. Estimating TA from salinity and its consequences on the quality of
calculations

Total alkalinity derived from the salinity, TAgs was used as the input
parameter in the calculations of ApH(TAg,pCO3) and ApCO2(TAg,pH).
The 68%ile of ApH(TAg,pCO3) was +0.007 for oceanic samples and +
0.012 for coastal samples. The corresponding values of the 68%ile for
calculations with measured TA, ApH(TA,pCO;), were + 0.007 and +
0.010, respectively (Table 2). This shows that the absolute uncertainty
was exactly the same in oceanic waters, and only +0.002 larger in
coastal waters when TAg was used in calculations instead of TA. In the
case of ApCOy(TAg,pH) the 68%ile amounted to +6 patm for oceanic
samples and + 10 patm for coastal samples, which for both was only +1
patm more than the 68%iles obtained from calculations using measured
TA, ApCOy(TA,pH) (Table 2).

When estimating pH(TAg,pCO3) or pCO2(TAg,pH), most of the errors
in calculated pH (or in calculated pCO,) are related to our ability to
accurately measure pCO; (or pH). This is related to the strong correla-
tion between [CO,*] and [H"] (Millero, 2007; Orr et al., 2018) and the
low sensitivity of the calculations to changes in TA (Orr et al., 2018).
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Our results (Table 4) showed that, in both oceanic and coastal waters,
the real errors of pCO3 calculated from TAg and pH are only 1patm larger
than those using measured TA, and it does not change the fact that pCO,
determined from this pair can be obtained with weather quality only in
oceanic waters. In the case of pH, our results revealed that using pCO4
and TAg instead of measured TA produced the same absolute uncertainty
for oceanic samples and only +0.002 larger for coastal waters. Never-
theless, for both regions, the absolute uncertainty of pH calculated with
the use of TAg (+0.007 and + 0.010) was lower than the weather-quality
threshold. This demonstrates that the correlation between TA and
salinity is not the key factor to calculate pH and pCO,, opening new
opportunities for coastal monitoring in areas where the relationship
between TA and salinity may not be perfectly linear (Koziorowska-
Makuch et al., 2023) due to the wide range of freshwater TA end
members. On the other hand, similar studies in different coastal areas
show generally good consistency between calculated and measured pH
and pCO, when TA approximated from salinity is used as an input
parameter (Cullison Gray et al., 2011; Jones et al., 2016), even when a
generalized (and not locally specific) TA to salinity ratio is used — an
effect of overall low sensitivity of calculations to the TA variability. The
TAg function determined in our study covered the salinity range from 28
to 31 (Fig. S2). Thus, the accuracy of TAg may decrease at lower salin-
ities and generate more significant errors in the marine carbonate sys-
tem calculations. However, for calculating pH and/or pCO, large errors
are not expected since most of the uncertainty is related to the variability
of the pCO2/pH measurements.

All these findings bring new opportunities for monitoring the car-
bonate chemistry and ocean acidification in coastal environments.
However, it is still necessary to confirm if the same accuracy in

Table 4

Synthesis of the quality assessment made for
different combinations of calculated variables from
the oceanic and coastal Arctic waters. The green
colour indicates that the calculated data has an
absolute uncertainty below 10 pmol kg™! for DIC
and TA, 0.020 for pH, and 7 patm for pCOy
(weather-goal quality data). The red colour shows
combinations of variables which produce bad-
quality data (individual values within the cells).

Variable Oceanic Coastal

TA(DIC,pCO,) +6

TA(DIC,pH) +8

TA(pH,pCO,)
DIC(TA,pCO,) +5

DIC(TA,pH) +8
DIC(pH, pCO,)

pH(TA,DIC) +0.017

pH(TA,pCO,) +0.007 +0.010
pH(DIC,pCO,) +0.007
pCOL(TA,DIC)

pCOy(TA,pH)
pCO,(DIC,pH) +5 +6
pH(TAs,pCO,) +0.007 +0.012
pCO,(TAs,pH) +6
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calculations can be achieved in the water column. In that case, moni-
toring the water column pH within the weather goal in Arctic coastal
environments could be possible in areas where its consistency has been
evaluated by using local and/or regional TAg and continuous under-
water measurements of pCO,. In this case, the uncertainties in calcu-
lated pH will be directly affected by the quality of the sensor-based pCO5
measurements.

4. Synthesis and conclusions

Most of the studies about the consistency of the marine carbonate
system present the real errors of the calculated values as the averages,
X AX(Y,Z), together with their SD. Although it is a fairly extended
method, SD shows the dispersion of the differences between measured
and calculated data around the average and not the absolute value (AX
(Y,Z) = 0). Thus, in addition to x AX(Y,Z) and SD, we proposed to use
the 68% confidence interval (presented as the 68%ile) to quantify the
absolute uncertainty and the spread of the AX(Y,Z) results around AX(Y,
Z) = 0. The assessment of the results obtained in this study for both
oceanic and coastal waters of the European Arctic allowed us to draw the
following conclusions, which can be considered as a reference for future
ocean acidification and marine carbonate system studies in this key
region:

1) The determined absolute uncertainty for almost all combinations of
AX(Y,Z) was slightly larger than the initially estimated uncertainties
expected from the propagation of the individual uncertainties related
to both the accuracy of the measurements and the uncertainties of
the solubility and dissociation constants (except for pCO5). This may
be an effect of the presence of non-parameterized substances in
seawater (e.g. organic alkalinity) and/or ion anomalies in the region
influenced by both sea ice/glacier meltwater (oceanic and coastal
samples) and freshwater inputs (coastal samples).

The direct comparison between the absolute uncertainty and the
weather-quality thresholds (10 pmol kg~! for DIC and TA, 0.020 for
pH, and 7 patm for pCO3), summarized in Table 4, suggests generally
high-quality calculated values for samples collected in Arctic oceanic
waters.

Due to overall relatively high errors, calculations of the marine
carbonate system in the Arctic coastal waters should be applied with
great caution and awareness of the potential uncertainties behind
them (as documented in this study), and should preferably be sup-
ported by direct observations of relevant parameters. The calcula-
tions that guarantee good quality of the final results are only those of
pH exploiting pCO> and either TA or DIC as input parameters, and of
pCO- based on DIC and pH (Table 4).

The results confirm previous findings that combining pH and pCO; as
input parameters should be strictly avoided in calculations, while the
one based on TA and DIC should be used cautiously, as, according to
our assessment (Table 4), using this pair only works for determining
pH in Arctic open waters, and for other combinations generates data
of poor quality.

Not including measured PO3~ and DSi as ancillary input data in the
calculations generates additional, rather small, errors, especially in
cases when TA is either calculated or used as an input parameter. The
relative contribution to the absolute uncertainty caused by omitting
nutrient data was relatively low (up to 1.9%) for coastal waters
where nutrient concentrations were low and absolute uncertainties

2

—

3)

4

—

5

~

Appendix A

A.1. Sampling design and chemical analyses

Marine Chemistry 274 (2026) 104604

were high. The contributions were somewhat higher (up to 7.2%) in
the open ocean waters, where there was a reversed situation —
nutrient concentrations were high and absolute uncertainties low.
These conclusions are based on observations taken in the middle of
the polar day, and the contribution of PO}~ and DSi to calculations
may be different in different seasons, along with changes in nutrient
availability.

The linear relationship between TA and salinity determined in this
study (TA = 43.426 - S + 782.18) has been proven to be a useful tool
to estimate TAg from salinity measurements, which is accurate
enough to be used as an input parameter in the marine carbonate
system calculations. In combination with pCO,, TAg guarantees high-
quality calculations of pH both in the open ocean but also in coastal
waters, at least for the European sector of the Arctic. Additionally,
when applied together with pH, it allows for estimating high-quality
pCO; in ocean waters and only slightly worse in coastal samples.
These findings may open a new perspective and simplify the research
and monitoring of marine carbonate system variability and issues
like ocean acidification in harsh conditions of the European Arctic.
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rate of 20 L min " to the ship's laboratories equipped with several outlets, allowing us to collect in parallel discrete samples for pH, TA, DIC, DSi, and
PO?(, and to conduct continuous measurements of pCO,, temperature, and salinity. The latter two were measured with an SBE 21 SeaCAT ther-
mosalinograph and an additional temperature probe SBE 38 located at the water inlet and measuring in situ temperature (Sea-Bird Scientific). Both
temperature and salinity were measured continuously every 10 s and later on averaged to a one-minute resolution. The accuracy for temperature was
+0.01 °C (for both sensors) and for conductivity +0.001 S/m, respectively.

The pCO, measurements were carried out using a cavity ring-down spectroscope (CRDS) G2101-i (Picarro) directly from the headspace of a bubble-
type equilibrator equipped with an additional spray-type water diffuser. The quality of the CRDS measurements was regularly monitored, measuring
three gases with different CO» concentrations, namely pure nitrogen (Linde 5.0), as well as artificial air with 205 and 507 ppm of CO,, providing a
precision and an accuracy of +1.3 patm. A detailed description of this pCO; system performance, including its accuracy/precision and the response
time, was provided by Stokowski et al. (2021). The pCO, readings were averaged to a one-minute resolution. The effect of the temperature changes
between the water inlet (in situ) and the equilibrator (lab) was corrected using the formula proposed by Takahashi et al. (1993):

PCO, (in situ) = pCO,(lab)” exp.(0.0423" (tin sitw—taan) ) ) (A1)

To standardize all the pCO5 measurements and calculations, all the pCO, data were corrected to 1 atm. Atmospheric pressure (P) changes were
measured in the laboratory using a Fibox 4 (PreSens GmbH, Germany). Normalization of the data to 1 atm was done using Eq. (A2):

pCO, (1 atm) = pCO,(in situ) 1013.25/P (A2)

where pCOs(in situ) is the pCO, obtained after temperature correction in Eq. (A1).

The water column sampling was performed at selected stations using the CTD-rosette (SBE9/11, Sea-Bird Scientific) system equipped with a
carousel with twelve 10 L Niskin bottles. The accuracy for temperature was +0.01 °C and for conductivity +0.001 S/m. At a selected depth, the CTD-
rosette was stopped for at least 20 s to provide stable readings of temperature and salinity, followed by closing Niskin bottles.

All the water column and surface water samples for pH, DIC, TA, phosphate, and silicate followed the same state-of-the-art sampling and storage
procedures as described by Dickson et al. (2007) and Grasshoff et al. (2009). The samples for pH were collected in borosilicate bottles and sealed with
ground-glass stoppers. They were measured right after sampling. If several samples were collected in a short period, they were stored in a fridge,
maintaining the samples at temperatures similar to in situ conditions. All the samples for pH were measured within max. 2 h after collection. The pH
was measured at 25 °C on a HydroFIA flow-through spectrophotometric system (CONTROS, 4H-JENA engineering GmbH), using mCresolPurple as an
indicator agent (Carter et al., 2013; Clayton and Byrne, 1993; Liu et al., 2015; Mosley et al., 2004) and the parametrization of the second dissociation
constant proposed by Miiller and Rehder (2018). The system had a precision of 0.002 and an accuracy of 0.003, both being quantified after repeated
measurements of the certified TRIS buffer (TRIS-CRM-T37) provided by A.G. Dickson (Scripps Institution of Oceanography/UCSD, USA).

TA and DIC samples were collected in 270 mL borosilicate glass bottles, first overflowing the bottles for at least 10 s. Afterwards, 1 mL of the sample
was removed to allow thermal expansion, and 100 pL of saturated HgCl, was added to stop the biological activity. The bottles were then closed with
greased ground glass stoppers and stored in the dark, as described by Huang et al. (2012). TA and DIC samples were measured in the laboratories of the
Institute of Oceanology of the Polish Academy of Sciences (IOPAN) in Poland within max. Eight weeks after collection. The TA was measured using a
custom-designed open-cell potentiometric titrator developed by Andrew Dickson (Scripps Institution of Oceanography/UCSD, USA), following the
analytical method described by Dickson et al. (2003). The system yielded an accuracy/precision of +3 pmol Kg ™' as derived from regular mea-
surements of certified reference materials (CRMs), batch no. #190 and #195 provided by A.G. Dickson (Marine Physical Laboratory, Scripps Insti-
tution of Oceanography/UCSD, USA). The concentration of DIC was determined using an automated DIC analyzer (Apollo SciTech Inc.), equipped
with Li7815 CO4 detector and following the methods described by Chen et al. (2015). The instrument conducted repeated measurements (at least three
measurements) of the same sample and CRMs (the same batches as for TA) until +1.5 pmol Kg~! precision was achieved, assuring that all the samples
were measured with an accuracy/precision better than +1.5 pmol Kg L.

Water samples for PO3~ and DSi were filtered using cellulose acetate filters with a pore size of 0.45 pm. A volume of 10 mL was collected ina 15 mL
pre-cleaned high-density polyethylene vial to allow expansion after freezing. Samples were stored at —20 °C for further nutrient analysis performed at
IOPAN laboratories within eight weeks after collection. The concentrations of DSi and PO3~ were determined using a SEAL AA500 AutoAnalyzer (Seal
Analytical), applying standard photometric methods (Grasshoff et al., 2009). Quality control consisted of repeated measurements of two different
CRMs (QC3179, Sigma Aldrich, and HAMIL, Environment Canada). The method detection limits were 0.1 pmol L for PO?( and 0.3 pmol L~ for DSi.
The accuracy of PO}~ and DSi measurements was 99.0% and 100.1%, respectively, while the precision was 0.01 umol L™! and 0.03 pmol L1,
respectively.

Appendix B
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Fig. B1. Linear correlation between total alkalinity (TA) and salinity (S) for 90% of the total number of collected samples, guaranteeing the best linearity. The

remaining 10% has been marked as red dots in the graph. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Appendix C

As shown in this study, the inconsistencies in the Arctic coastal waters are significantly larger than in the open ocean (Table 2 and Figs. 2-5). These
regional differences can be observed independently of the choice of dissociation constants used in the calculations (Table C1 and C2). Although the
choice of dissociation constants produces some differences in the calculated values, these differences are less pronounced in the coastal samples.
Results presented in Tables C1 and C2 indicate that the choice of dissociation constants have a larger influence in the variability of the results in
oceanic waters, while in coastal areas, the higher uncertainty of the results due to the influence of unparametrized substances and processes masks the
effect of the dissociation constants. Although the choice of dissociation constants generates some differences in the absolute uncertainties, the main
conclusions of this study are independent of the choosen ones. The absolute uncertainties of the calculated variables are larger in coastal samples than
in oceanic ones and only two variables can be estimated within the weather-goal quality threshold in coastal waters, pH and pCO,. Furthermore, there
is no one set of dissociation constants which is clearly better than others, although some of them produce results slighly more consistent with the
observations (Table C1 and C2)

Table C1

Absolute uncertainty in oceanic samples, expressed as the 68%ile, of the calculated variables using different set of dissociation constants. Abreviations for the constants
are LOO (Lueker et al., 2000), DM87 (Dickson and Millero, 1987), MPMO02 (Mojica Prieto et al. 2002), M02 (Millero et al., 2002), M06 (Millero et al., 2006), and M10
(Millero, 2010). The green colour indicates that the calculated data has an absolute uncertainty below 10 pmol kg~ for DIC and TA, 0.020 for pH, and 7 patm for pCO;
(weather-goal quality data). The red colour shows combinations of variables which produce bad-quality data (individual values within the cells).

14



F. Aguado Gonzalo et al.

Table C2

Marine Chemistry 274 (2026) 104604

L00 DM87 MPMO02 MO02 MO06 M10
Oceanic

Dataset Dataset Dataset Dataset Dataset Dataset

ATA(DIC,pCO,)

ATA(DIC,pH)

ATA(pH,pCO;)

ADIC(TA pCO,)

ADIC(TA,pH)

ADIC(pH,pCO,)

ApH(TA,DIC)

ApH(TA,pCO2)

ApH(DIC,pCO,)

ApCO,(TA,DIC)

ApCOy(TA pH)

ApCO,(DIC,pH)

Absolute uncertainty in coastal samples, expressed as the 68%ile, of the calculated variables using different set of dissociation constants. Abreviations for the constants
are LOO (Lueker et al., 2000), DM87 (Dickson and Millero, 1987), MPMO02 (Mojica Prieto et al. 2002), M02 (Millero et al., 2002), M06 (Millero et al., 2006), and M10
(Millero, 2010). The green colour indicates that the calculated data has an absolute uncertainty below 10 pmol kg~ for DIC and TA, 0.020 for pH, and 7 patm for pCO»
(weather-goal quality data). The red colour shows combinations of variables which produce bad-quality data (individual values within the cells).
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L0O DM87 MPMO02 MO02 MO06 M10
Variable
Coastal Coastal Coastal Coastal Coastal Coastal
ATA(DIC,pCO,) | £11 +12 +12 +12 +11 +11
ATA(DIC,pH) =2 +12 +12 +12 +12 +12
ATA(pH,pCO,) +56 +57 +69 +134 +48 +46
ADIC(TA,pCO,) +10 +10 +10 £10 +9 +9
ADIC(TA,pH) +11 +12 +11 +12 +11 +11
ADIC(pH,pCO,) | +42 +49 +53 +115 +40 +36
ApH(TA,DIC) +0.027 +0.027 +0.029 +0.029 +0.027 +0.027
ApH(TA,pCO2) | +0.010 +0.010 +0.012 +0.025 +0.009 +0.008
ApH(DIC,pCO,) | £0.009 £0.010 £0.011 +0.024 +0.008 +0.008
ApCO,(TA,DIC) +19 +19 +21 +21 +20 +20
ApCO(TA,pH) +9 +8 +10 +20 +7 +7
ApCO,(DIC,pH) +6 +7 +8 +18 +6 +5

Appendix D. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.marchem.2026.104604.

Data availability

The datasets presented in this study can be found in online re-
positories. The names of the repository/repositories and accession
number(s) can be found in Saghravani et al. (2024), Aguado Gonzalo
et al. (2024) and Aguado Gonzalo et al. (2025).
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High vertical resolution measurements of pH, pCO,,
total alkalinity, and dissolved inorganic carbon using
a new approach: the carbonate profiler
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Abstract

The equilibrium between the different parameters of the marine carbonate system — dissolved inorganic carbon (DIC),
total alkalinity (TA), partial pressure of CO,, and pH — is the core of ocean acidification studies, evaluation of
inorganic carbon inventory, and air-sea CO, fluxes. To date, it has been challenging to simultaneously measure all
those components in the water column due to different sampling methodologies, and especially in stratified waters,
where sharp vertical biogeochemical gradients may occur. In this study, we designed a low-cost and easy-to-assemble
pumping system, which, combined with a CTD profiler, makes a PUMP-CTD system that can efficiently serve as
a precise water column sampler, allowing for simultaneous measurements and sampling of dissolved inorganic carbon,
total alkalinity, partial pressure of CO,, and pH with high vertical resolution. Importantly, this water sampler (denoted
as the carbonate profiler) can be easily integrated with equilibrator-based continuous pCO, measurement systems,
which are routinely used for underway data acquisition, making them suitable for water column sampling as well.
We tested the carbonate profiler in the open ocean water column, where we obtained excellent consistency between
measured pCO, and calculated values based on pH and DIC. Afterwards, we tested the operability of the system by
measuring the vertical variability of all the components of the marine carbonate system in the Vistula River estuarine
waters (southern Baltic Sea) and within the Arctic fjords affected by continental freshwater runoff. Overall, this system
performed outstandingly, with a vertical resolution of half a meter, proving its utility in accurately measuring steep
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1. Introduction

The Oceans are key components for mitigating
climate change due to their capacity to absorb atmos-
pheric carbon dioxide (CO,) at the surface and export
it to the deeper water layers and sediments (Fried-
lingstein et al,, 2025). Among oceanic regions, coas-
tal areas, which often have very high carbon fixation
rates, are key contributors to carbon export driven by in-
tense primary production (Cai, 2011). As such, they are
vital components of the global carbon cycling (Bauer et
al, 2013; Dai et al,, 2022; Regnier et al., 2022). However,
the total contribution of these regions to the global car-
bon budget remains uncertain due to high spatiotemporal

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

biogeochemical variability (Cai, 2011; Resplandy et al,,
2018).

Within the coastal areas, estuaries represent complex
biogeochemical environments where particulate and dis-
solved organic and inorganic carbon compounds of both
autochthonous and allochthonous origin undergo rapid
transformations (Mosley and Liss, 2020). In addition to
commonly investigated processes related to organic mat-
ter production and remineralization (sink and source of
CO,, respectively), including respiration of terrigenous
organic matter (Cross et al., 2018; Kulinski et al., 2016),
carbon transformations are also driven here by significant
shifts in pH and ionic composition resulting from the mix-
ing of freshwater and seawater. In turn, pH, or concen-
tration of protons (pH = —log[H]), is mainly controlled
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by the excess of proton acceptors over proton donors in
water, defined as total alkalinity (TA) (Dickson, 1981). In
the compounds that make up TA, the largest share comes
from two inorganic carbon species, namely bicarbonate
(HCO3™) and carbonate (CO327) ions, which together with
dissolved CO, (or H,CO3) constitute dissolved inorganic
carbon (DIC). Therefore, there is an intricate balance be-
tween pH, TA, and DIC, which ultimately determines dis-
solved CO, concentrations expressed most often as CO,
partial pressure (pCO,) (e.g., Millero, 2007). These four
measurable parameters and their chemical interactions
are often referred to as the marine carbonate system. Bio-
logical, physical and chemical processes continuously alter
the delicate equilibrium between these parameters, initiat-
ing cascade changes in all of them. Therefore, to estimate
the effect of biogeochemical processes and air-sea CO, ex-
change on the carbon inventory and fluxes in the coastal
areas, it is necessary to characterize the complex horizon-
tal and vertical distribution of all the marine carbonate
system parameters.

While the variables of the marine carbonate system are
interrelated, their measurement approaches differ. Gener-
ally, pCO, is obtained using the well-established underway
systems, in which continuously flowing water is equili-
brated with a closed air loop where pCO, is measured.
These systems can provide highly accurate data with un-
certainties lower than 2 patm or 0.5% of the measured
values (e.g., Arruda et al,, 2020; Stokowski et al., 2021a).
However, they are designed and installed on research ves-
sels and ships of opportunity to obtain measurements at
a fixed depth corresponding to the water inlet depth of the
vessel’s pumping system (typically between 2 and 10 m
water depth). This setup makes them suitable for studying
the horizontal distribution of pCO, but inappropriate for
resolving vertical gradients in the water column. Although
they are being used to estimate air-sea CO, fluxes in ar-
eas where sharp vertical gradients of CO, are expected, it
has been demonstrated that differences in the sampling
depth can introduce significant errors in the results (e.g.,
Ahmed et al., 2020; Azevedo et al,, 2024). Thus, capturing
the vertical distribution of pCO, in the water column is
essential for precise flux calculations in stratified waters.
Recent advances in underwater CO, sensors enable in situ
measurements of CO, in the entire water column (when
mounted on CTD profilers) or at a fixed depth for extended
monitoring (when deployed in mooring systems). How-
ever, they often have lower accuracy and longer response
times (between 5 and 20 minutes) than underway sys-
tems (Arruda et al,, 2020; Clarke et al,, 2017; Schar et al.,
2010b).

Similarly, high vertical resolution TA, DIC, and pH
measurements are challenging due to sampling
limitations. Water for these analyses is commonly col-
lected using bathometers, typically mounted in sampling
carousels with a vertical resolution not better than 2-3 m,
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which is often insufficient to study rapid biogeochemi-
cal gradients in the water column. Moreover, the num-
ber of samples collected in the profile is directly corre-
lated with the number of Niskin bottles mounted in the
sampling carousel, which significantly limits the resolu-
tion of the sampling. For pH, direct measurements in the
water column are also possible using submersible sen-
sors. Several can perform spectrophotometric measure-
ments directly in the water column, providing high-quality
data (Bresnahan et al., 2014; Johengen et al., 2015). How-
ever, their response time (5-15 minutes) is usually too
slow to obtain water column pH profiles with high vertical
resolution.

In addition to direct measurements, each of the two
marine carbonate variables can be calculated from the
other two, which are known from direct measurements or
modelling. This requires the use of thermodynamic ion-
pairing models describing the carbonate system (Lewis et
al,, 1998). However, these models are primarily dedicated
to open ocean waters where the marine carbonate system
is well characterized. Their application in coastal areas
remains challenging (Aguado Gonzalo et al,, 2025a) due
to anomalies in seawater composition and the influence
of non-parameterized seawater constituents, leading to
significant errors in calculations (Kerr et al., 2023; Kulinski
etal, 2017; Ulfsbo et al,, 2015). Thus, to characterize the
marine carbonate system in coastal regions, it is often nec-
essary to measure the complete set of variables (pCO,,
TA, DIC, and pH). This approach can be considered exces-
sive or redundant in ocean waters. Such comprehensive
sampling, especially in stratified waters, requires careful
planning, standardization of the vertical resolution, and
unification of the sampling technique for all parameters,
regardless of the analytical methods used later. This is
particularly important for combining state-of-the-art high-
quality methods based on collecting discrete samples (TA,
DIC, pH) with pCO, measurements, which require contin-
uous water flow through the equilibrator (Dickson et al.,
2007).

These challenges were the motivation to undertake
this study, the aim of which was to design a sampling
system that: (i) is capable of simultaneous discrete
sampling of TA, DIC and pH and continuous equili-
brator-based pCO, measurements in a vertical profile, (ii)
allows easy switching in water supply between on-station
vertical profiling and underway mode, (iii) inexpensive
and easy to implement on a variety of vessels, including
small ones, and (iv) provides high-quality results describ-
ing the marine carbonate system. The latter has been
proven by tests made in the open waters of the Green-
land Sea, while the operability of the system has been
tested in two different coastal environments: the turbid
freshwater plumes in the high Arctic fjords and the mid-
latitude estuarine system of the Vistula River in the Baltic
Sea.
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2. Material and methods

2.1 The carbonate profiler

The inspiration for the system setup was a PUMP-CTD con-
cept as reported, for instance, by Strady et al. (2008). How-
ever, the PUMP-CTD we designed was coupled with an

equilibrator-based pCO, measurement system typically
used for underway sampling. Thus, this carbonate profiler
follows a similar principle as any underway system for
pCO, measurements: a pump carries water along a pipeline
to the ship’s laboratory, where it flows continuously through
the equilibrator whose headspace is connected by a closed

air loop to a CO, analyser, while an additional water by-
pass allows for discrete sampling for TA, DIC, pH or any
other parameter. The sole distinction of the carbonate

profiler is the water supply, which is a submersible pump

attached to the CTD profiler and deployed together with

it by a winch. The pump provides water from a desired

depth in the water column using a flexible and retractable

plumbing system, which is deployed simultaneously with

the CTD cable. In this study, we developed a system ca-
pable of sampling water from a maximum depth of 60 m,
which is generally sufficient to investigate the variability
of the carbonate system in both the mixing zone and the

photic zone. A simplified scheme of the system installed

in r/v Oceania is presented in Figure 1.

Our ambition was to develop a system that is inexpen-
sive, transportable, and easy to implement on a variety of
vessels, including smaller ones. The latter requires that
the system can interoperate with any CTD profiler the ves-
sel is equipped with. In our case, it was a Sea-Bird 19plus
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(Sea-Bird Electronics, Inc., Bellevue, Washington, USA) to
which the submersible pump was attached, ensuring that
the water inlets to both units were at the same depth to
unify CTD readings with carbonate chemistry measure-
ments. The submersible pump used in this prototype was
a Pedrollo 3SR2/28 (www.pedrollo.com, San Bonitacio,
Italy), with a deployment depth of approximately 60 m
and an adjustable flow rate (through the power controller)
between 10-50 L min~? that may further depend on how
high the water needs to be pumped above the ocean sur-
face. This high water flow minimized the transport time
to the laboratories and greatly exceeded the flow required
for continuous pCO, measurements (approximately 0.8
L min~1); therefore, excess water was bypassed, allowing
for sampling of TA, DIC, and pH, as well as additional in-lab
CTD measurements. All the pipes in the system had the
same diameter, and narrow pipe connectors were avoided
to elude overpressure. The flexible pipe system consisted
of a commerecially available Gardena Classic 34” PVC cross-
woven fabric hose (Gardena, www.gardena.com, Ulm, Ger-
many), directly connecting the submersible pump to the
ship’s laboratories. The delay time, which is necessary for
sampled water to be transported to laboratories, depends
on the length of the hose deployed and the water flow. In
our case, it was 19.5 seconds, calculated for a pipe length
of 120 m and a water flow rate of 40 L min™?. To minimise
temperature changes during sampling, the hose system
was not placed under direct sunlight or on warm surfaces.
In the laboratories, four T-connectors equipped with flow
regulators were installed to split the water flow to: (i)
the equilibrator-based continuously measuring pCO, sys-

Outlet Laboratory
- T | | e -
pHr Thermo- pCoO:
salinograph 0:
Temperature

Underway pump

Submersible
pump

1m

Figure 1. Simplified schematic representation of the carbonate profiler for a semi-continuous, precise sampling of the

marine carbonate parameters in the water column.
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tem, (ii) the flow-through thermosalinograph, (iii) the pH-
spectrophotometer unit, and (iv) free-flowing water for
collecting discrete samples for different analyses, in our
case, DIC, TA, and in some cases also pH. Furthermore, ad-
ditional valves enable immediate switching of the water
source between the submersible PUMP-CTD and the ship’s
underway pumping system (having a water inlet at a fixed
depth, 2.5 m on r/v Oceania), allowing the same laboratory
equipment to be used for horizontal and vertical measure-
ments (Figure 1). Importantly, the entire system consists
of only quick connectors, making it easy to install, uninstall,
and transport.

2.2 The laboratory instrumentation and analytical tech-
niques

Measurements of pCO, were carried out using the system

described in detail by Stokowski et al. (2021a). The system

consists of a bubble-type equilibrator where the seawa-
ter flowing in is additionally sprayed using a shower dif-
fuser. The air from the headspace flows along a closed loop

through a cavity ring-down spectroscope (CRDS) G2101-I

(Picarro). The quality of the measurements was regularly
monitored using three gases with different CO, concentra-
tions: 0, 205, and 507 ppm, which enabled achieving an

accuracy and precision of & 1.3 patm. The effect of temper-
ature changes during water transport from the PUMP-CTD

to the laboratory has been corrected using the function pro-
posed by Takahashi et al. (1993) (Eq. 1), so that the pCO,

measured in the equilibrator, pCO,(lab), was recalculated

to the in situ temperature, pCO, (in situ).

pCO,(in situ) = (D

pCO;(lab) X exp(0.0423 X (t(in situ)~tqan)))

All pCO, measurements were also standardized to 1 at-
mosphere of pressure to remove the effect of atmospheric
pressure changes in the final results, using Equation 2.

pCO,(1atm) = pCO,(in situ) x 1012.25/P (2)

The pH measurements were carried out on board us-
ing a HydroFIA flow-through spectrophotometric system
(CONTROS, 4H-JENA engineering GmbH), directly connected
to the carbonate profiler plumbing system. The pH was
estimated spectrophotometrically using mCresolPurple as
an indicator agent (Carter et al., 2013; Clayton and Byrne,
1993; Liu et al., 2015; Mosley et al., 2004). The accuracy
of the pH measurements was ensured by routine measure-
ments of TRIS-buffer (TRIS-CRM-T37) provided by A.G.
Dickson (Scripps Institution of Oceanography, USA), which
showed an accuracy/precision better than + 0.003. All pH
measurements were performed at 25°C, and the results
were reported on the total scale.
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The discrete water samples for analysis of TA and DIC
were collected in 270 mL borosilicate glass bottles using
the free-flowing bypassed water from the carbonate pro-
filer. Samples were carefully poured from the bottom of
the bottle to avoid air bubbles and left overflowing for at
least 10 seconds. Next, 1 mL of the sample was removed
to allow thermal expansion, and 100 pL of saturated HgCl,
was added to inhibit/prevent biological activity. All the
bottles were closed with greased ground-glass stoppers
and stored in the dark at +4°C until analysis.

The TA was estimated using the methodology described
in Dickson et al. (2003). Open cell titrations were car-
ried out using a Methrom 888 Titrando, equipped with
a 1mL burette. Total alkalinity was calculated from the
potentiometric titration curves using version V23 of the
Python package "Calkulate” (Humphreys and Matthews,
2024). The accuracy of the measurements was estimated
by repeated measurements of Certified Reference Material
(CRM) batch #CRM-209, provided by A.G. Dickson (Scripps
Institution of Oceanography, USA). At least three measure-
ments of CRM were done before and after the batch of
samples until a precision better than + 2 pmol kg™! was
achieved. Any deviation from the CRM values was cor-
rected accordingly, and the accuracy correction was ap-
plied to a batch of samples. Each sample was measured in
triplicate with a precision always better than + 3 pmol kg™*.
The same methodology was applied to all samples. How-
ever, some were analyzed on board and others in the labo-
ratories of the Institute of Oceanology, Polish Academy of
Sciences (IO PAN), within a maximum time of four
weeks.

The concentration of DIC was determined using an
automated DIC analyzer (Apollo SciTech Inc.), equipped
with a Li7815 CO, detector and following the methods de-
scribed by Chen et al. (2015). All the measured samples
were cross-calibrated with measurements of the CRMs
(same as for TA), assuring an accuracy of + 2 pmol kg™!
during the sample measurements. Each sample and CRM
was measured at least three times until a precision better
than + 1.5 pmol kg~! was achieved. All the measurements
were carried out in the IO PAN laboratories within a maxi-
mum of four weeks after collection.

2.3 Calculations of the carbonate system parameters
Calculations of pCO, and estimations of the uncertainties
related to the calculated values were carried out using the
Excel version of the CO,sys program (Pierrot et al., 2006),
as published by Orr et al. (2018). For the calculations,
the carbonic acid dissociation constants (K1 and K2) from
Lueker et al. (2000) were used together with the KHSO,
from Dickson et al. (1990), the fluoride dissociation con-
stant of Perez and Fraga (1987), and the boron to chlorinity
ratio of Lee et al. (2010). All calculations were reported to
1 atmosphere to minimize errors due to recalculations to
in situ pressure. The uncertainties related to the dissocia-
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Figure 2. Location of the sampling stations (red dots). A) Greenland Sea. B) Baltic Sea. C) Svalbard fjords.

tion constants used in this study were extracted from Orr
etal. (2018).

2.4 Sampling strategy and study area

For this study, sampling was conducted in three differ-
ent areas, resulting in a total of eight water column pro-
files collected. Two study areas were located in stratified
coastal systems (the Svalbard archipelago and the south-
ern Baltic Sea), and one was located in the open waters of
the Greenland Sea (Figure 2). The open ocean profile was
sampled in July 2024 (74°59°58.2"N; 13°10°56.9”E), away
from continental waters, where the marine CO, system is
well characterized and where good consistency between
measured and calculated values was expected based on
previous studies (Aguado Gonzalo et al., 2024). These fea-
tures enabled us to evaluate the sampling system’s ability
to simultaneously obtain thermodynamically coherent re-
sults for pCO,, TA, and pH in the water column and verify
the quality of the measured pCO, by comparing it with the
pCO, calculated from TA and pH measurements.

In the coastal areas, the tests of the carbonate profiler
have been performed in regions known for their highly
stratified waters with sharp biogeochemical gradients.
These sampling areas enabled us to evaluate the oper-
ability and capability of the carbonate profiler in resolv-
ing complex vertical variability. Four profiles were col-
lected during spring 2024 within the Vistula River estu-
ary (54°22’40.8"N; 18°55’30.0”E), located in the southern
Baltic Sea (Figure 2). This region is characterized by the
influence of TA-rich river waters and large gradients in
the carbonate system parameters caused by the changing
extent of the river plume and thus variable water strati-

fication (Stokowski et al., 2021b). All four profiles were
taken in the same location, but at six-hour intervals. The
reason for that was to estimate the short-term variability
of the carbonate system in the region and assess the re-
producibility of the freshwater TA end member from the
extrapolated dependency against salinity, which should be
relatively conservative in such a short time period.

Additionally, three more profiles were obtained in Au-
gust 2022 in the high Arctic fjords within the Svalbard
archipelago (Figure 2). The sampling locations were se-
lected in areas with a strong influence of freshwater turbid
plumes. These plumes are produced by continental runoff,
mainly fed by meltwater from land-terminating glaciers,
and abrupt biogeochemical gradients are expected within
the first 10 meters of the water column (e.g., Meslard et al.,
2018; Szeligowska et al.,, 2020).

3. Results and discussion

3.1 Estimated quality of the carbonate profiler mea-
surements
To demonstrate the system’s capability to obtain accurate
measurements of carbonate system variables in the wa-
ter column, we compared measured and calculated (from
pH and TA) values of pCO, in the oceanic waters of the
Greenland Sea. These results, along with their uncertain-
ties, are presented in Figure 3, which also shows the ab-
solute differences between measured and calculated val-
ues, ApCO, (meas-calc). Our results indicate that the first
five samples collected in the water column (down to a wa-
ter depth of 40 m) exhibited small variability (SD= %+ 3.6
patm) with an average measured pCO, of 308.8 patm. On
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Figure 3. Left: measured (blue cross) and calculated (red square) pCO,. The error bars indicate the uncertainty in the
measured/calculated values. Right: the absolute differences between pCO, measured and calculated out of TA and pH.

the other hand, at a water depth of 50 m, the pCO, was
significantly higher, amounting to 373 patm, indicating
arapid increase of 64 patm (Figure 3). The abrupt pCO,
gradient between 50 and 60 m water depth was also suc-
cessfully captured by TA and pH sampling, as indicated by
the perfect agreement between the measured and calcu-
lated pCO,, values. Hence, the ApCO, (meas-calc) exhibited
a low average of x(SD) = 0.9(+ 4.5) patm, indicating an
excellent performance of the carbonate profiler that en-
ables consistent sampling of different carbonate system
parameters despite differences in measurement method-
ologies requiring either continuous water flow or discrete
sampling.

A similar exercise, as presented here, but using only
surface data, was presented by Carter et al. (2024). In
their study, the authors collected state-of-the-art surface
open-ocean pCO,, pH, and TA data from the Global Ocean
Data Analysis Project 2022 update (GLODAPv2.2022) to
estimate the (in)consistency between measured and cal-
culated variables of the marine carbonate system. Their
results show that the average of the relative difference be-
tween measured and calculated (from TA and pH) fCO,, (fu-
gacity of CO,) was 1.8% of the measured fCO2 (equivalent
to £+ 5.6 patm for 308.8 patm). Following the calculation
method described by Carter et al. (2024), we transferred
our water column results to fCO, and presented them as

a percentage of the measured value. Our results indicated
arelative difference of 1.4 (+ 4.5 patm), which is a better
agreement than the one previously reported. Similarly to
the study by Carter et al. (2024), but restricted to Arctic
Oceanic surface waters, Woosley et al. (2017) and Aguado
Gonzalo etal. (2024) reported discrepancies between mea-
sured and calculated pCO, of + 5.3 and + 5 patm, respec-
tively, which are slightly worse than the ones reported here
(£ 4.5 patm). Furthermore, the real observed uncertainty
of + 4.5 patm for the difference between measured and
calculated pCO, was significantly lower than the theoreti-
cal one (+ 9 patm) derived from the propagation of all the
initial uncertainties (see methods). This difference in the
uncertainty suggests that any deviations in pCO, measured
versus pCO2 calculated, ApCO, (meas-calc), are solely due
to uncertainties in the thermodynamic model of the ma-
rine CO, system, while the carbonate profiler guarantees
high-quality, continuous pCO, measurements that are per-
fectly consistent with semi-continuous pH measurements
and discrete sampling for TA.

This profile took about 25 minutes to complete in to-
tal. This time was a result of sampling at each depth and
the time required to move the system between sampling
levels. The time needed to obtain a complete set of results
from a given depth was estimated based on the response
time of the pCO, equilibrator, which was previously mea-
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sured by Stokowski et al. (2021a), where the time to reach
63% of the equlibration (T63) was 68 seconds and an the
effective equilibration time (T99) was 1 minute and 44 sec-
onds (approx. 2 min). Thus, we maintained the PUMP-CTD
for at least 3 minutes at each depth to ensure that mea-
surements were taken after the equilibrium was reached.
The excellent results from the consistency exercise demon-
strated that this time was certainly sufficient to reach equi-
librium. Based on calculations and earlier estimations by
StokowskKi et al. (2021a), we believe there is still room to
optimize sampling time. Unfortunately, due to operational
constraints of the open ocean cruise, no further tests were
performed.

Nevertheless, the sampling time was satisfactorily
short, especially since samples for additional parameters
were taken in parallel. Commercially available submersible
CO2 sensors offer a range of response times and effective
measurement intervals. However, all of them are slower
than the carbonate profiler, which allows easy adaptation
of underway surface pCO2 measurement systems for wa-
ter column sampling. For example, CO2 sensors based on
pH indicators (e.g., Sunburst sensors, SAMI-CO,) have a re-
sponse time of approximately 5 minutes (Lai et al., 2018).
In comparison, sensors based on non-dispersive infrared
(NDIR) gas analyzers equipped with hydrophobic equili-
bration membranes (e.g., Pro-Oceanus Systems Inc. PSI
CO,-ProTM, C-Sense pCO,, CONTROS HydroC CO,) have
typical measurement intervals and equilibration times of
10 to 15 minutes (Fietzek et al,, 2014; Jiang et al., 2014;
Schar et al., 2010b; Signori et al., 2021).

In addition to the higher sampling speed, the carbonate
profiler system presented here shows excellent pCO2 mea-
surement accuracy (reported above and by Stokowski et al.
(2021a)), which is hardly achievable with submersible sen-
sors. For instance, the SAMI-CO2 sensor was able to collect
data with an accuracy of +40 + 13 patm (x and SD) during
afield test (Schar et al., 2010b). In the case of Pro-Oceanus
Systems Inc. PSI CO2-ProTM, a similar test reported a X
and SD of +9 + 14 patm (Schar et al.,, 2010a), while Fietzek
etal. (2014) reported an x and SD of —0.6 4+ 3.0 patm using
a CONTROS HydroC CO,.

To sum up, the high-quality water column pCO,, results
obtained in this study, along with the rapid sampling, in-
cluding the possibility of collecting other carbonate system
parameters in parallel, demonstrate the excellent perfor-
mance of the carbonate profiler we designed, which is cur-
rently unachievable for sensor-based measurements on
research vessels.

3.2 Performance of the carbonate profiler in highly
stratified waters
3.2.1 Test 1: The mid-latitude estuary system of the Vistula
River plume
The variability of TA, DIC, pH, and pCO,, as well as salinity
and temperature observed in the first 10 meters of the
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water column in the estuarine system of the Vistula River
plume, is presented in Figure 4. In all the profiles, salin-
ity and pCO, increased with depth, while pH, DIC, and TA
decreased, indicating that the Vistula River water affect-
ing this area had higher DIC, TA, and pH, and lower pCO,.
These results demonstrate that, thanks to the carbonate
profiler, it was possible to resolve steep biogeochemical
gradients, with ranges spanning up to 2050 pmol kg™*!
for TA, approximately 1700 umol kg™~? for DIC, 166 patm
for pCO,, and 0.58 for pH, respectively. Herewith, DIC, TA
and salinity were characterized by rapid changes within
the first two meters of the water column and apparently
varied among profiles, showing the spectrum of variabil-
ity in riverine plume dynamics at a single location within
the 24-hour sampling period. On the other hand, pCO,
showed only slight changes within the first two meters,
with comparable values between profiles (ranging from
217 to 246 patm), suggesting strong primary production in
the surface water layer, regardless of the scale of the Vistula
River impact. Below this level, the pCO, increased signif-
icantly with depth, reaching values of up to 413 patm at
10 m. Apart from being the first insight into the carbonate
system structure in the water column of the region, these
results clearly demonstrate the complexity and the vertical
variability in stratified waters. Special attention should
be paid to the vertical distribution of pCO,, which high-
lights the importance of the sampling depth from which
pCO,, results are obtained for estimating air-sea CO, diffu-
sive fluxes, a feature also discussed earlier by Ahmed et al.
(2020) and Azevedo et al. (2024). Thus, underway pCO,
measurements describing horizontal variability should
always be combined with vertical profiling in stratified
waters. For this, the carbonate profiler designed and de-
scribed in this study provides an easy-to-use and low-cost
solution that can significantly improve the estimation of
air-sea CO, fluxes.

The relationship between TA and salinity exhibited
a conservative behavior during sampling (Figure 5), with
an excellent correlation (R? = 0.98). It demonstrates that
the carbonate profiler attached to the CTD (PUMP-CTD)
enabled the collection of water from a precise depth where
salinity was measured, providing reliable vertical accuracy
of sampling for carbonate system parameters. We took
water samples at every half-meter interval in the first two
meters of the water column and at every meter interval in
the deeper water layer. This vertical resolution was suffi-
cient to record the changes in the marine carbonate sys-
tem parameters in the water column of this stratified area.
However, the good correlation between salinity and TA sug-
gests that even higher vertical resolution could be achieved.
The freshwater TA end member estimated from the linear
regression between salinity and TA collected for all four
profiles amounted to 4069 pmol kg~* (SD=12 umol kg™1).
This value exceeds the previously reported range for the
Vistula River (from 3136 to 3746 umol kg~1) by Stokowski
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in one spot in the Vistula River plume in 6-hour intervals.
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etal. (2021Db), suggesting that the TA freshwater end mem-
ber varies here in an even broader range than expected.
This finding was possible thanks to the application of the
carbonate profiler, which allowed for a precise sampling
of the surface water layer (where the freshwater spreads)
for carbonate system parameters, including TA. Although
this result was achieved during operability tests of the car-
bonate profiler, it is an important contribution towards
understanding the role of TA input from continental rivers
(the Vistula River is the largest one) in mitigating Ocean
Acidification in the Baltic Sea. At the same time, this very
high freshwater TA end member (reported in this study
for the first time for this region) indicates the need for
further research in this area towards better resolving TA
loads from the southern Baltic Sea catchment, which is
in turn necessary to understand the alkalinity budget in
the Baltic (Kulinski et al., 2022). All this demonstrates the
utility of the carbonate profiler in resolving complex bio-
geochemical profiles in stratified waters and in obtaining
accurate estimations of freshwater end-member proper-
ties by performing only a vertical profile in the vicinity of
the estuaries.

3.2.2 Test 2: The turbid plumes of the Arctic fjords

The results from pCO,, TA, DIC, pH, temperature, and salin-
ity measurements at the three profiles collected within
the turbid plumes in the fjord waters are presented in
Figure 6. The sampling covered the first 20 meters of the
water column in all the locations. The largest biogeochem-
ical gradients, as reflected in all the measured parameters,
were recorded in the surface water layer and were clearly
related to the water freshening (see Figure 6). The mea-
sured salinity varied significantly across all profiles (rang-
ing from 8.66 to 33.31), increasing from the surface to the
deeper waters. Out of this range, most of the variability
(79% in the Diksonfjorden profile, 74% in Billefjorden, and
71% in Sassenfjorden) occurred in the upper 5 m of the wa-
ter column. Along with salinity changes, TA, DIC, pCO,, and
pH also exhibited the strongest variation in the uppermost
layer. However, in contrast to the Vistula River plume, the
freshwater inflow to the fjords diluted the seawater with
respect to DIC and TA, which had a pronounced effect on
decreasing surface pH, thus enhancing Ocean Acidification
in the region.

The abrupt gradients measured in the surface layer of
the water column with the vertical variance of TA, DIC, pH,
and pCO, of up to 588 pmol kg™!, 416 umol kg™1, 0.34,
and 44 patm, respectively, result from the outflow of tur-
bid water plumes formed in the land-ocean transitional
zone (Meslard et al., 2018; Szeligowska et al.,, 2020). These
turbid water plumes usually cover only the first meters of
the water column, creating steep biogeochemical gradients
that the carbonate profiler has successfully recorded. This
seemingly simple task would be unapproachable when us-
ing other sampling methods, such as a bathometer. In fact,
if we were to collect water from 1 m depth usinga 1 m
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long bathometer, we would collect water from a depth
between 0.5 m and 1.5 m. Considering the variability iden-
tified in Dicksonfjorden (Figure 6), the water inside the
bathometer would have a pH range of 7.51 at the top to
7.74 at the bottom. Thus, measured pH (and any other pa-
rameter) would vary significantly depending on the water
subsample within the bathometer volume. In contrast, the
carbonate profiler offers a straightforward tool for investi-
gating steep biogeochemical gradients by collecting water
samples and measuring in situ parameters (e.g., salinity,
temperature, turbidity, fluorescence) with a significantly
higher vertical resolution. For example, in this exercise,
a resolution of 0.5 m was easily achieved.

As shown already for the Vistula River plume (section
5.2.1), it is possible to use the vertical variability of TA and
salinity to estimate the TA concentration in freshwater end
members with great accuracy. In Spitsbergen fjords, the
relationships between TA and salinity revealed different
freshwater TA in different fjords, namely 791 pmol kg™*
in Sassenfjorden, 813 pmol kg™ in Billefjorden, and 1239
umol kg~?! in Dicksonfjorden (Figure 7). These concentra-
tions fall within the range of previously reported values for
Svalbard fjords, which range from 232 to 1412 pmol kg™?!
(Ericson et al,, 2018; Fransson et al.,, 2015; Koziorowska-
Makuch et al., 2023). All this data, including this study,
proves that continental runoff in Arctic fjords reduces the
TA in surface waters and thus lowers its capacity to absorb
atmospheric CO, and enhances Ocean Acidification.

Moreover, the measured pCO2 in surface waters
(Figure 6) was higher in Dicksonfjorden (360 patm) and
Billefjorden (314 patm) than in the deeper water layer (ap-
prox. 303 patm), but in Sassenfjorden, the surface pCO,
was lower (284 patm). These significant changes may be at-
tributed to the different freshwater sources that influence
the fjords. While Dicksonfjorden and Billefjorden are both
heavily glaciated catchments, Sassenfjorden is primarily
influenced by Sassenelva, a river that drains a permafrost-
rich valley (McGovern et al., 2020). Overall, the carbonate
profiler allowed us to highlight the complex stratification
patterns in the Arctic fjords, which have a direct impact on
biogeochemical changes and the structure of the marine
carbonate system. Moreover, the data show that conti-
nental runoff in the Svalbard archipelago enhances ocean
acidification in coastal areas, where its surface waters have
a lower capacity to uptake atmospheric CO,.

4. Conclusion

In this study, we designed a low-cost and easy-to-set-up
upper water column sampler that can be easily incorpo-
rated into measurement systems on research vessels (and
beyond). Combined with the ship’s CTD profiler, they form
a PUMP-CTD system that can be easily deployed on a vari-
ety of vessels regardless of their size and technical sophis-
tication. Just by switching the water source to this PUMP-
CTD, it can be used to feed the commonly used systems for
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equilibrator-based continuous pCO, measurements (typ-
ically using the ship’s pumping system having the water
inlet at a Vfixed depth between 2 and 10 m) and extend
their applicability also towards the water column sam-
pling, including the precise sampling of the surface water
layer. This is of great importance for accurately measuring
seawater pCO, at the surface in stratified coastal water
bodies (having often strong vertical biogeochemical gra-
dients), which are to be used further for air/sea CO, flux
calculations. As the water supply from the submersible
pump is sufficient to be split, in addition to supplying the
equilibrator-based continuous pCO, measurements, it also
serves other receivers. The system allows for precise sam-
pling of the full set of marine carbonate system parameters,
namely TA, DIC, pH, and pCO,. This feature is extremely
useful in coastal waters, which, due to ion anomalies and
the significant influence of non-parameterized acid-base
constituents of seawater, often require a complete set of
data on the structure of the marine carbonate system -
arequirement that is considered excessive in open ocean
waters.

The test performed in the open waters of the Green-
land Sea shows that the system was able to obtain rapid
and more accurate pCO, measurements in the water col-
umn than any other commercial method. Measurements of
pCO, in the estuarine system of the Baltic Sea and the Spits-
bergen fjords show that measurements using the carbon-
ate profiler can be utilized as an easy tool to obtain the ver-
tical distribution of pCO,, including near-surface results,
and thus improve estimations of air-sea CO,, fluxes in strat-
ified regions. The profiles also demonstrate an excellent
capacity to obtain, in parallel with the continuous pCO,
measurements, automated or discrete pH measurements
and discrete samples for TA and DIC, with excellent correla-
tion to in situ measured parameters. We also demonstrated
the carbonate profiler’s applicability in obtaining accurate
estimations of the freshwater end-members’ properties
by only performing a vertical profile in the vicinity of the
estuaries. For this, we used the correlation between pre-
cisely sampled TA and in situ salinity. The results from the
Baltic Sea showed not only an excellent correlation in the
four profiles (R2 = 0.98) but also a good reproducibility,
i.e., the freshwater TA of 4069 umol kg‘1 estimated with
the variation of only +12 pmol kg™* (less than 1% of the
estimated value). These TA results confirm the important
role of the Vistula River as a net source of TA for the Baltic
and reveal very high TA concentrations in the Vistula River
that have not been reported before for this region. A simi-
lar utility of the carbonate profiler has been observed for
the Spitsbergen fjords. However, the estimated TA fresh-
water end members were much lower and highly variable
between the individual fjords (ranging from 790 to 1240
umol kg™1). Still, all of them demonstrated that the conti-
nental runoff in the Svalbard archipelago lowers the buffer
capacity of the seawater, reduces its potential to uptake
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atmospheric CO,, and enhances Ocean Acidification. To
sum up, the carbonate profiler we designed represents an
easy-to-implement and low-cost tool allowing the scien-
tific community to obtain state-of-the-art measurements of
all the marine carbonate parameters with a vertical resolu-
tion better than 0.5 meters, and providing new possibilities
for observations and quantifications of ocean acidification,
carbon inventory, and air-sea CO,, fluxes in highly stratified
environments.
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