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Abstract
Organic alkalinity has been recognized as a potentially substantial fraction of total alkalinity in coastal waters. However, conventional assessments of ocean acidification typically neglect its contribution when calculating pH and aragonite saturation state, potentially biasing the derived values. Here, we present the first evidence of elevated organic alkalinity in Atlantic-sector Arctic Ocean margins, showing that omission offailure to account for organic alkalinity introduces substantial biases in calculated [H+] (9 ± 12%) and aragonite saturation state (9±12%13 ± 26%), with the magnitude of these biases closely linked to organic alkalinity concentration and 13±26%, respectively)buffering capacity. Future climate change-inferred projections of ocean acidification in Svalbard fjords and the Barents Sea, with comparable biases potentially occurring elsewhere along the Arctic Ocean margins. Moreover, Earth System Model projections  Opening further indicate a more severe and rapid that accounting for organic alkalinity leads to a larger and faster pH decline in pH under future climate scenarios when organic alkalinity is included. These results indicate previously unrecognized but non-negligible biases in Arctic acidification studies and highlight the need to incorporate the effects of organic alkalinity into ocean acidification assessments in coastal waters and beyond.	Comment by Jerry Tjiputra: I suggested this because we don not explicitly account orgAlk in our ESM projections



Introduction
The ocean absorption of excess anthropogenic carbon dioxide (CO2) from the atmosphere plays a critical role in mitigating global warming.climate change. However, this process increases the concentrations of aqueous carbon dioxide ([CO2*]) and hydrogen ion ([H⁺]) in seawater, a phenomenon known as ocean acidification1,2. Ocean acidification poses substantial risks to calcifying organisms, such as coral reefs, shellfish, and pteropods, by weakening their calcium carbonate structures, with broader impacts on marine ecosystems3while also affecting non-calcifying organisms through changes in metabolism, behavior, and food-web interactions3,4.
[bookmark: OLE_LINK22]The Arctic Ocean is considered particularly vulnerable to ocean acidification due to its naturally low saturation state of calcium carbonate minerals (Ω)5,6. Projections suggest that the Arctic region will likely be the first to experience widespread undersaturation of calcium carbonate with respect to aragonite7,8. Increased open water area, following more intense seasonal ice melt in the Arctic has facilitated more uptake of atmospheric CO2 into surface waters6,9 and transport of carbon from adjacent ocean basins10-12, resulting in significant declines in both pH and Ω. Moreover, enhanced river discharge13,14 and accelerated coastal permafrost erosion15,16 have been identified as synergistic mechanisms that further exacerbate aragonite undersaturation in the Arctic, particularly in its marginal seas. 
Total alkalinity (TA) is commonly used as a key input variable in CO2 system calculation models to determine critical ocean acidification indicators, such as pH and the aragonite saturation state (ΩAᵣ). TA is defined as the excess of proton acceptors (bases derived from weak acids with a dissociation constant K≤10-4.5 at 25℃) over proton donors (acids with K> 10-4.5)17. In organic acid-rich seawater, the traditional TA equation can be modified to include the contribution of organic acids18:
[image: ](1)
Conventionally, the organic component of TA, referred to as organic alkalinity (OrgAlk; i.e., [A-org] – [HA] in Eq.1), was considered negligible. Nearly all previous related studies19,20 and CO2 system variable calculation models21,22 have excludednot accounted for the contribution of OrgAlk toin TA related calculations, due to our limited knowledge on both the quantity and chemical characteristics of organic acids in seawater. However, it has long been recognized that significant levels of OrgAlk can be present in coastal waters, especially where terrestrial input wasis significant23-25. Neglecting OrgAlk would introduce uncertainties in CO2 system assessments that rely on TA-based calculations26,27calculations may be subject to uncertainty when OrgAlk is not accounted for26-30. This oversight effectively substitutes OrgAlk with carbonate alkalinity (alkalinity contributed by 2[CO32-] and [HCO3-]) in the TA framework, potentially resulting in overestimations of [CO32-] and [HCO3-]. As a consequence, derived variables such as pH and ΩAr, that critically depend on accurate determination of carbonate alkalinity, are likely to be systematically overestimated.
The Arctic Ocean margins are experiencing increased inputs of terrestrial dissolved organic carbon (DOC) due to global warming-induced enhancements of river discharge and coastal permafrost thawing28,29thawing31,32. As a result, OrgAlk concentrations in this region are likely to become increasingly significant, given that humic substances, suggested as major components of OrgAlk23,27, constitute a substantial fraction of terrestrial organic carbon30carbon33. Despite this, nearly all ocean acidification assessments, including those followingusing Earth system model (ESM) outputs generated under the Coupled Model Intercomparison Project (CMIP) protocols have used TA as a key input variable for calculating pH and/or ΩAr, without accounting for OrgAlk8,3134. This may result in an underestimation of present acidification in the Arctic Ocean margins. Furthermore, future climate change and warming are expected to increase river discharge and intensify coastal permafrost thawing, both of which could likely lead to a long-term increase in OrgAlk along Arctic Ocean margins. As a result, future projections of end-of-century pH and ΩAr in this region may be highly sensitive to the inclusion of OrgAlk. However, studies are lacking on the concentrations and characteristics of OrgAlk in the Arctic Ocean margins, and the magnitude of potential biases in present acidification assessments and future acidification projections due to its omission.	Comment by Jerry Tjiputra: You might want to consider these updated references:

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022MS003563

https://bg.copernicus.org/articles/17/3439/2020/
In this study, we first investigate theOrgAlk concentrations and compositions , the characteristics of organic acid groups contributing to OrgAlk, and its impactthe influence of OrgAlk on surface pH and ΩAr in the Atlantic-sector of the Arctic Ocean margins through multiple research cruises. Strong relationships among OrgAlk, TA, and salinity are impressed on a global Earth System model32 (Norwegian Earth System Model version 2; NorESM2-MM) to conduct a conservative assessment of Arctic margin-wideincluding Svalbard fjords, Tanafjord and Barents Sea opening. We then evaluate OrgAlk-induced biases in both present-day and future pH and ΩAr recent ocean acidification estimates when OrgAlk is excluded.and examine their future sensitivity using idealized perturbation experiments and ESM projections. To our knowledge, this study presents the first direct measurements of OrgAlk concentrations in the Arctic Ocean margins and quantifies the biases in ocean acidification assessments that result from excludingneglecting OrgAlk.

OrgAlk characteristics in Arctic Ocean margins
OrgAlk was observed in Tanafjord in the Barents Sea, the Barents Sea Opening, and several Svalbard fjords including Adventfjord, Billefjord, Tempelfjord, and Isfjord, with values ranging from 1 to 33 μmol kg⁻¹ (mean=11±7 μmol kg⁻¹; Fig. 1). Elevated OrgAlk concentrations were particularly evident in low-salinity areas influenced by freshwater inputs, and generally decreasingdecreased as salinity increased (Fig. 2a). The OrgAlk:TA ratio varied between 0.1% and 7.2%, with a mean of 0.9%, and reached its maximum in Adventfjord, where salinity was zero, underscoring the significance of OrgAlk as a component of TA in low-salinity coastal waters (Fig. 2b). A strong correlation between the OrgAlk:TA ratio and salinity was observed, best described by a polynomial fit with an R2 value of 0.91 (n = 42; Fig. 2b), highlighting the pronounced influence of terrestrial inputs on seawater OrgAlk.
The organic acid species in these regions primarily comprise two groups: organic acid group 1, with dissociation constant values (pKa1 in Supplementary Table S11) between 4.8 and 6.1, and organic acid group 2, with its dissociation constant values (pKa2 in Supplementary Table S11) between 7.2 and 8.9. Organic acid group 1 likely corresponds to carboxylic acid groups, whereas organic acid group 2, the predominant organic acid species, is likely associated with phenolic or amine compounds23. Both groups showed consistently low variability in dissociation constants across all study sites (Supplementary Table S11). 
[image: OrgAlk_v4]
Fig. 1 Spatial distribution of OrgAlk concentrations. Concentrations of OrgAlk (mmol kg-1) in the sampling sites of the Barents Sea Opening (a), Svalbard fjords including Adventfjord, Billefjord, Tempelfjord, and Isfjord (b), and Tanafjord in the Barents Sea (c). 
[image: Fig. 2 OrgAlk variation]
Fig. 2 Variations in OrgAlk concentrations and OrgAlk:TA ratios. OrgAlk (a) and OrgAlk:TA ratios (b) plotted against salinity in the Barents Sea and Svalbard fjords. 	Comment by Jerry Tjiputra: consider put the legend higher, right next to the plot. Increase fontsize of the indices: a, b or make them bold (similarly in Fig. 1). Limit the range of y-axes: (a) [0, 40], (b) [0, 8]


A case study of biasObserved OrgAlk-induced biases in ocean acidification assessment 
To evaluate the biasOrgAlk-induced biases in calculated pH inon the total scale ((∆pHT) and ΩAr resulting from the omission of OrgAlk,(∆ΩAr), a comparative analysis was conducted using pHT, carbonate ion concentrations ([CO32-]), and ΩAr values calculated from TA and dissolved inorganic carbon (DIC), both with and without accounting for the inclusioncontribution of OrgAlk (Fig. 3). The bias in ΩAr is, in fact, a consequence of errorsOrgAlk-induced bias in the calculated [CO32-] caused by the omission of OrgAlk.-]. Given the non-negligible concentrations of Ca2+ in Arctic rivers33, the traditional salinity-based approach to calculate Ca2+, which treats freshwater Ca2+ as negligible, introduceintroduces uncertainties in ΩAr estimation. To address this, we report only the relative bias in ΩAr (Fig. 3), thereby isolating3). Because the effect ofsame [Ca2+] is used in calculations with and without accounting for OrgAlk, [Ca2+] cancels algebraically in the relative bias calculation. The resulting relative bias in ΩAr is therefore equivalent to the relative bias in [CO32-] and avoiding the influence of uncertainties associated with Ca2+ concentrations.-]. 
The results revealshow that excluding OrgAlk leads to biases in the pHT values calculated values of pHT and [CO32-],without accounting for OrgAlk were biased, with a mean deviationsdeviation of 0.04 ± 0.07 and 6 ± 4 μmol kg⁻¹, respectively (Fig. 3). These biases correspond to the , corresponding to a relative errorserror of 9 ± 12% in H⁺ concentration (Fig. 3a). and 13 ± 26% in ΩAr, when compared to calculations that incorporate OrgAlk (Fig. 3). The magnitude of the pHT bias declined with increasing salinity (Fig. 3a). The 3a). Elevated biases in [CO32-] were observed in a wide range of salinity, while the relative biases in ΩAr showed a clear decreasing trendsimilar pattern with increasing salinitya mean value of 13 ± 26% (Fig. 33b). These findings underscoredemonstrate that failure to account for OrgAlk introduces systematic biases in calculated pHT and ΩAr arising from the omission of OrgAlk, with the strongest impactslargest effects occurring in low-salinity coastal waters.   
To examine how the OrgAlk effect may respond to future carbonate system changes, we performed a set of perturbation experiments under the Shared Socioeconomic Pathway (SSP) scenario SSP5-8.5. This high emission scenario was used to evaluate the upper-bound response of the OrgAlk effect under relatively strong carbonate system changes. Relative to present-day conditions, ΔpHT and ΔΩAr% decrease under all three perturbation cases in high-OrgAlk fjord environments with pH values close to 7.5, but increase in low-OrgAlk offshore marginal waters with pH values > 7.5 (Supplementary Fig. 3 and Fig. 3c, d). Compared with DIC increase alone, the combined perturbation of decreased TA and increased DIC further reduces the pH and relative ΩAr biases in high-OrgAlk fjord environments, but amplifies them in relatively low-OrgAlk offshore marginal waters. In contrast, increased OrgAlk strengthens its effect in both environments (Fig. 3c, d).
[image: OrgAlk effect_v6 errors]
Fig. Fig. 3 The biases in pHT and ΩAr resulting from the exclusion of OrgAlk. a, b, pHT (a) and CO32- (b) biases (∆pHT, ∆CO32-) plotted against salinity. c, d, The relative percentage biases in [H+] (∆H+%; c) and ΩAr (∆ΩAr%; d) plotted against salinity. pHT denotes pH in total scale. ∆X, i.e., the X bias, represents the difference in X between calculations with and without OrgAlk, while ΔX% denotes the percentage of ΔX in X calculated with the inclusion of OrgAlk, where X refers to the depicted variable. 
Bias in modern3 Observed OrgAlk-induced biases in ocean acidification estimates and their response to future carbonate system changes. a, OrgAlk-induced bias in pH on the total scale (pHT) plotted against salinity for the observed samples. b, Relative OrgAlk-induced bias in ΩAr plotted against salinity. c, ΔpHT plotted against OrgAlk under present-day conditions and future perturbation cases. d, ΔΩAr% plotted against OrgAlk under present-day conditions and future perturbation cases. ΔpHT and ΔΩAr are calculated as the values obtained without accounting for OrgAlk minus the corresponding values obtained when OrgAlk is accounted for. Error bars indicate propagated uncertainties calculated using the error propagation program35. The three perturbation cases were defined as follows: Pertubation Case 1, temperature + 2.8 °C and DIC + 70 µmol kg-1; Pertubation Case 2, temperature + 2.8 °C, DIC + 70 µmol kg-1, and TA - 50 µmol kg-1; and Pertubation Case 3, temperature + 2.8 °C, DIC + 70 µmol kg-1, TA - 50 µmol kg-1, and OrgAlk + 5 µmol kg-1. Lines in panels c and d indicate regression relationships (R2 > 0.8) between OrgAlk and ΔpHT or ΔΩAr under present-day conditions and future perturbation cases.
OrgAlk-induced biases in present-day ocean acidification assessments	Comment by Jerry Tjiputra: suggest shortening it:
"OrgAlk-induced contemporary biases" 
Given the lack of OrgAlk data in other Arctic marginal seas, we assumedWe further evaluate the potential magnitude of OrgAlk-induced biases in present-day ocean acidification assessments for the Barents Sea Opening region using outputs from an Earth system model (Norwegian Earth System Model version 2; NorESM2-MM)36, assuming that the relationship between OrgAlk:/TA ratios and salinity observed inderived from our study areasampling sites is representative of the broader Arctic Ocean margins during the decade 2005-2015, to gain a preliminary understanding of the potential uncertainties in ocean acidification estimates across the entire Arctic Ocean marginspresent-day conditions. Using monthly mean TA and salinity data from the NorESM2-MM historical simulation model outputs, we extrapolated the monthly mean OrgAlk concentrations across the Arctic Ocean margins for the period 2005-2015. The potential biases in surface pHT and ΩAr values calculated using TA and DIC as input variables while neglecting OrgAlk were quantified based on input variables derived from the NorESM2-MM model outputs (Fig. 4).
  [image: 完整图V2]
Fig. 4 TheMean and biases in pHT and ΩAr over the Arctic Ocean margins. The decadal mean (under present-day conditions from 2005- to 2015 in the Barents Sea Opening) . a, c, Mean pHT and ΩAr calculated withwithout OrgAlk (a, c), along with the corresponding. b, d, Corresponding biases in pHT (b) and ΩAr (d) resulting from the exclusion ofarising from calculations that do not account for OrgAlk. In this study, the Arctic Ocean margins are defined to include the Greenland Sea and Norwegian Sea due to their hydrographic and biogeochemical connectivity with the Arctic Ocean.	Comment by Jerry Tjiputra: In panel b, d, replace pHTbias and omegaAr bias with DeltapHT and DeltaomegaAr

The results suggest that the omission of OrgAlk leads to a systematic and significant overestimation of both pHT and ΩAr values across the entire Arctic Ocean margins (Fig. 4). The biases in decadal mean pHT and ΩAr ranged from 0.016 to 0.154 (mean=0.028±0.018) and 0.06 to 0.14 (mean=0.07±0.01), respectively (The concentrations of OrgAlk in the Barents Sea Opening region were estimated with a decadal mean of 8.2 ± 0.3 mmol kg-1 (Supplementary Fig. 2). Carbonate system calculations that do not account for OrgAlk systematically underestimate the severity of present-day ocean acidification in the Barents Sea Opening region, with decadal mean pHT and ΩAr biases of 0.020 ± 0.001 and 0.08 ± 0.01, respectively (Fig. 4b,d). The limited spatial variability of these biases likely reflects the relatively homogeneous hydrological conditions across this region.
Fig. 4). Regions such as the East Siberian Sea, Laptev Sea and Kara Sea, characterized by substantial riverine freshwater discharge and intense coastal erosion16,34, are likely to have high OrgAlk concentrations and the ocean acidification assessments here are particularly sensitive to its exclusion (Fig. 4 and Supplementary Fig. S1). In the boundary region between the East Siberian Sea and the Laptev Sea, where maximum OrgAlk concentrations are likely present (Supplementary Fig. S1), biases in the calculated pHT can reach up to 0.154 (Fig. 4c). 
Sensitivity of ocean acidification projections to OrgAlk 
Given that ocean acidification projections commonly omit the contribution of OrgAlk, we assessed the potential sensitivity of how accounting for OrgAlk affects ESM-projected pHT and ΩAr toin the inclusion of OrgAlkBarents Sea Opening region under the Shared Socioeconomic Pathway (SSP) scenarios SSP1-2.6 and SSP5-8.5 across the Arctic Ocean margins. We assume that future OrgAlk concentrations follow the correlation between OrgAlk:TA ratios and salinity, as observed in this study. Data obtained from NorESM2-MM simulations32,35simulations36,39 were used to calculate projected pHT and ΩAr values, both with and without considering OrgAlk influences. Here, the estimates of future OrgAlk rely on future salinity changes projected by the NorESM2-MM. Supplementary Fig. S22 demonstrates that, for the Arctic Ocean, the NorESM2-MM-projected surface salinity by the end of the 21st century under SSP1-2.6 and SSP5-8.5 falls well within the range of other Earth System Models (ESMs) from CMIP6. Therefore, the influence of OrgAlk inferred from NorESM2-MM in our analysis is expected to be representative of the wider spectrum of projections across CMIP6 ESMs.
When we account for the influence of OrgAlk, the projected annual mean pHT and ΩAr values are consistently lower than simulations thoseat excludeing OrgAlk under both SSP1-2.6 and SSP5-8.5 scenarios (Fig. 5). Under SSP1-2.6, the reduction in pHT ranges from 0.028019 to 0.032021, while it is slightly larger under SSP5-8.5, ranging from 0.027019 to 0.036027 (Fig. 5a). Moreover, when OrgAlk is includedaccounted for, the projected decadal pHT decline rate across the Arctic Ocean margins is, on average, 58.4% (SSP1-2.6) and 1.7% (SSP5-8.5) higher than in projections that do not account for OrgAlk (Fig. 5a). ΩAr presents a less pronounced sensitivity to OrgAlk under SSP5-8.5 than SSP1-2.6, showing a decreasing trend towards 2100 (Fig. 5b). This pattern is likely because of ΩAr values approaching zero by 2100, which reduces the relative influence of OrgAlk under the SSP5-8.5 scenario (Fig. 5b). 

[image: OrgAlk effect_timeseries_famhkuang]
Fig. 5 Sensitivity of projected annual mean pHT and ΩAr projections to the inclusion ofaccounting for OrgAlk. The variations in projectedthe Barents Sea Opening region. Projected annual mean pHT (a) and ΩAr (b) calculated with and without OrgAlk, along with their sensitivity to OrgAlk under the SSP1-2.6 and SSP5-8.5 scenarios in the Arctic Ocean margins. The sensitivity was quantified as the difference in pHT and ΩAr values are compared between calculations with and without accounting for OrgAlk. Sensitivity was quantified as the difference between values calculated without accounting for OrgAlk and those calculated with accounting for OrgAlk. 	Comment by Jerry Tjiputra: how about: Impacts of OrgAlk on pHT and OmegaAr projections in the Barents Sea Opening. 
Discussion
Terrestrial inputs, including freshwater discharge and coastal permafrost thawing, likely contributed to the elevated concentrations of OrgAlk observed in the studied Arctic Ocean margins. In mid-latitude coastal regions, previous studies have observed that freshwater discharge, which may carry high loads of humic acids, can contribute significantly to OrgAlk23,27. Particularly, the Arctic region is experiencing severe permafrost erosion, resulting in the release of terrestrial organic carbon into its marginal seas at a scale rivaling the combined discharge of all Arctic rivers29,36rivers32,40. In Svalbard, permafrost thaw has accelerated markedly due to regional climate warming 
at rates 3.5-4 times higher than other Arctic zones37zones41. Consequently, the high OrgAlk concentrations observed in Svalbard fjords (Figs. 1 and 2) are likely derived primarily from terrestrial humic acids introduced as a result of coastal permafrost erosion. Regarding the organic acids that contribute to OrgAlk observed here, their dissociation characteristics are comparable to those reported for mid-latitude salt marsh and coastal waters18,3842, but they show a greater relative contribution from phenolic and amine compounds. This likely suggests a preferential production or reduced bioactivity of phenolic or amine compounds, relative to carboxylic acids, in Arctic environments.
The systematic biases in pH and ΩAr arising from the omission of calculations that do not account for OrgAlk underscoresunderscore substantial uncertainties in current assessments of ocean acidification within the study region, driven largely by the region’s elevated OrgAlk concentrations. The naturally low pH and buffering capacity of Arctic waters39 likely exacerbate their sensitivity to OrgAlk, further amplifying the . These biases, with mean relative errors in pH and ΩAr calculations27. These errors (mean = 9 ± 12of 9 ± 12% for H+ concentration and 13± ± 26% for ΩAr), substantially exceed those (< 2%) fromintroduced by using different empirical formulations for the carbonic acid dissociation constants40-42constants (< 2%)43-45, indicating that neglecting OrgAlk constitutesrepresents a major source of error source. Moreover, these errors are likely widespread along the Arctic Ocean margins. Across 55% of the margin area, the decadal mean errors in pH exceed the magnitude of the decadal acidification signal over 2005-2015. This undermines the reliability of using these calculated values to assess acidification levels or to develop corresponding mitigation strategies.
In the East Siberian Sea, Laptev Sea, and Kara Sea, these pH and ΩAr errors likely significantly exceed those observedin carbonate system calculations. These errors are not confined to our sampling period, but persist in the Barents Sea. Opening region over the present decade, with relative decadal mean biases of 5 ± 2 % for H+ concentration and 4 ± 2% for ΩAr. This indicates that present-day ocean acidification estimates in the Atlantic-sector Arctic margins may be substantially biased.
Although the influence of sea ice on OrgAlk distribution was not considered in this study, the relationship between OrgAlk/TA and salinity derived here predicts a mean OrgAlk concentration for waters influenced by sea ice (9.2 ± 7.9 mmol kg-1) that is comparable to available direct measurements (10.5 ± 5.9 mmol kg-1)46 in the Arctic Ocean sea ice system, including sea ice brine and under-ice water. This suggests that the empirical relationship is unlikely to result in a substantial overestimation of OrgAlk in waters influenced by sea ice. Beyond our study sites in the Atlantic-sector Arctic margins, OrgAlk concentrations may also be substantial in other Arctic marginal seas. Previous studies have shown that high concentrations of OrgAlk are typically associated with elevated DOC concentrations in coastal waters, with OrgAlk contributing approximately 6-30% of the total DOC concentration43,44. An earlier study has developed an equation to simulate the contribution of OrgAlk based on concentration47,48. Substantially high DOC concentrations and pH45. Although lacking direct measurements of OrgAlk, substantial DOC concentrations were observedhave been reported in the East Siberian Sea, Laptev Sea, and Kara Sea (, ranging from 56 to 600 µμmol kg⁻¹)⁻¹, mainly due to river discharge and coastal erosion46,47, which likely correspond to ~3-38 mmol kg-1 OrgAlk based on the estimates from DOC concentrations and pH. These estimatederosion49,50. These observations suggest that OrgAlk concentrations spanned the range of values derived from our analysis (4-25 mmol kg-1; Supplementary Fig. S1), supporting our conclusion that may also be elevated in these regions likely have high OrgAlk concentrations, and may therefore have a significant influence oncontribute to substantial biases in ocean acidification assessments. 
Ocean acidification projections derived from Earth System model outputsestimates when not accounted for. Further studies are sensitive to whether OrgAlk is included. Accounting for OrgAlk yields lower projected pH and ΩAr and increases the projected decadal rate of acidification across the Arctic Ocean margins. Accordingly, the biases in pH and ΩAr arising from omission of OrgAlk are expected to intensify under future climate scenarios. This conclusion is supported by the expectation that, under the influence of global warming, OrgAlk concentrations will increase as a result of intensified coastal permafrost erosion and enhanced river discharge through the end of the 21st century. Consequently, the elevated presence of OrgAlk is likely to exert a growing influence on the marine carbonate system, thereby amplifying its role in the acidification of Arctic Ocean margins. warranted to constrain the magnitude and influence of OrgAlk in other Arctic marginal seas, particularly those enriched in organic carbon.
The divergent responses of OrgAlk-induced biases to carbonate system perturbations in nearshore fjords and offshore marginal waters can be explained by contrasting changes in buffering capacity18, in addition to differences in OrgAlk concentration. In nearshore fjords, where pH values close to 7.5, future carbonate system perturbations lowered pH but increased buffering capacity, reducing the sensitivity of the carbonate system to OrgAlk. In contrast, in offshore marginal waters, where pH values were generally above 7.5, the same perturbations reduced buffering capacity and thereby enhanced the sensitivity of the carbonate system to OrgAlk.
Consistent with the perturbation experiments, the ESM-based projections for the Barents Sea Opening region showed similar changes in OrgAlk-induced biases under future climate scenarios. Accounting for OrgAlk leads to lower projected pH and ΩAr and to a stronger acidification rate. The biases in projected pH are expected to increase from the present to the end of this century under both SSP1-2.6 and SSP5-8.5. These results suggest that current ESM projections may underestimate the rate and severity of future ocean acidification in the Barents Sea Opening region, highlighting the need to incorporate OrgAlk into future Arctic Ocean acidification projections.
It is important to note that our bias simulations assume that the observed relationship between the OrgAlk:/TA ratio and salinity in the Svalbard fjords and the Barents Sea is temporally stable and applicable across other Arctic Ocean marginsto the broader Barents Sea Opening region. This assumption may introduce uncertainties into our estimates. OrgAlk concentrations are subject to spatial and temporal variability, and may be influenced by potential factors such as region-specificregional freshwater discharge, coastal permafrost thawing, sea-ice meltingthaw, and seasonal or interannual fluctuations25.variability. Continued warming may accelerate permafrost degradation, alter the composition of terrestrial organic carbon, and modify the relationship between OrgAlk/TA and salinity in Arctic margins, thereby introducing additional uncertainty into estimates of the sensitivity of ESM-based ocean acidification projections to OrgAlk. Rather than providing precise estimates of the errors in acidification estimationsassessments and projections for the entire Arctic Ocean margins, this study uses preliminary error estimates to emphasize that significantsubstantial biases likely existmay be present in our current understandingevaluations of acidification over the entirein Atlantic-sector Arctic Ocean margins due to the exclusion ofwhen OrgAlk.  is not accounted for.
While our analysis primarily focused on pH and ΩAr errors arising from TA-DIC calculations, significant errors are also present in CO2 system variables calculated using the TA-pH or TA-pCO2 pairs when OrgAlk is not accounted for26,29,30. In other words, the absence of OrgAlk in the TA model will introduce uncertainties in any of CO2 system variables that use the traditional TA model for calculation. From the biogeochemical perspective, the notable CO2 system calculation discrepancies suggest an important role of OrgAlk in inorganic carbon cycle. A thorough investigation of theOrgAlk dynamics of OrgAlk in the Arctic Ocean margins, as well as , together with its integrationincorporation into TA frameworkframeworks and Earth system models, is imperative for advancing assessments ofneeded to improve acidification in this regionassessments in the Atlantic-sector Arctic margins examined here and elucidatingto clarify its broader biogeochemical impacts on the inorganic carbon cycle. While this study focuses on the Arctic Ocean marginsMore broadly, other Arctic margins and coastal regions with potentially high OrgAlk concentrationselevated organic carbon inputs may warrant targeted research to addressassess ocean acidification with specificexplicit consideration of OrgAlk dynamics.
Methods
Field observations
Four research cruises were conducted in the Atlantic-sector of the Arctic margins, visiting the following areas: the Svalbard region, including Adventfjord, Tempelfjord, Isfjord, and Billefjord (fjords from July 1- to 5 and on October 2, 2023),, Tanafjord in the Barents Sea (from June 6- to 7, 2023),, and the Barents Sea Opening (from August 29- to 31, 2023), respectively. The Svalbard fjord sites included Adventfjord, Tempelfjord, Isfjord, and Billefjord. The surface seawater samples for dissolved inorganic carbon (DIC), total alkalinity (TA), nutrients, and organic alkalinity (OrgAlk) were collected using Niskin bottles attached to a conductivity-temperature-depth (CTD) profiler (SBE 911plus, Sea-Bird, USA). Salinity and temperature were recorded simultaneously by the CTD profiler.           
Sampling procedures for DIC and TA were conducted in accordance with the "Guide to Best Practices for Ocean CO2 Measurements"4851. OrgAlk samples were collected following the same methodology as used for TA sampling. Briefly, seawater samples were drawn from Niskin bottles into 250 mL borosilicate glass bottles, each preserved with 100 µL of saturated mercuric chloride solution, andsolution and stored at room temperature before analysis. Nutrient samples collected from the Svalbard region and the Barents Sea Opening were acidified with 1 M H2SO4 to achieve a pH below 2. For the nutrient samples (20 mL) collected from Tanafjord, 250 μL chloroform was added to each vial as preservation. All nutrient samples were stored at 4℃ prior to analysis.
Sample analysis
Nutrient samples collected from the Svalbard fjords and the Barents Sea Opening were measured spectrophotometrically at the NIVA lab following accredited Norwegian procedures49procedures52. Nutrient samples collected from the Tanafjord were determined by colorimetric methods50methods53 at the Institute of Marine Research, Norway. TA and DIC measurements were conducted using a VINDTA 3C system (Marianda, Germany). TA samples were titrated with a calibrated dilute hydrochloric acid (HCl) solution (~0.1 M in 0.7 M NaCl). The HCl concentration was standardized against certified reference materials (CRM) provided by Dr. A. G. Dickson at the Scripps Institution of Oceanography. DIC samples were acidified with 10% phosphoric acid and sparged with high-purity nitrogen gas, with the evolved CO2 quantified using a coulometric analyzer. The precision and accuracy of TA and DIC measurements were within ± 2 µmol kg-1 as compared to CRM Batch 203.
OrgAlk concentrations were measured using a multi-step titration method involving HCl, NaOH, and HCl titrations18,23. A 30 mL sample was initially titrated with a calibrated HCl solution to lower the pH below 3.0 (first titration), followed by CO2 removal via sparging with high-purity N2 gas. The acidified sample was then back-titrated to its initial pH with a 0.1 M NaOH solution and subsequently titrated again with HCl to quantify the non-carbonate alkalinity. OrgAlk was quantified from non-carbonate alkalinity by subtracting nutrient andalkalinity, borate alkalinity from, and the non-carbonate alkalinitynet [OH-] - [H+] contribution. Nutrient alkalinity, originating from silicate, phosphate, and ammonium, was calculated based on the corresponding nutrient concentrations. Borate alkalinity was determined using salinity and sample pH51pH54. The final OrgAlk value was then corrected to account for the carbonate alkalinity introduced by the NaOH solution18. The precision of OrgAlk measurements was within ± 4 µmol kg-1. 
Dissociation constants (pKa) of organic acids were estimated using a charge balance model based on the full titration curve, following the methodology of ref. 18 and 23. During the full titration process, samples were initially acidified to pH < 3.0 and degassed with N2 gas to remove CO2. They were then back-titrated to pH > 10.0 with approximately 200 incremental additions of 0.1 M NaOH over a 3-hour period. In the Tanafjords and the Barents Sea Opening, full titrations were performed on two samples representing the lowest and the highest salinities. In each Svalbard fjord, only one sample was fully titrated due to the limited number of sampling sites.
Modified CO2 system calculation program
Calculating pH and aragonite saturation state (ΩAᵣ) using TA and DIC as input variables in traditional CO2 system calculation programs (e.g., CO2SYS21, mocsy22) may introduce significant uncertainties. This is primarily attributedattributable to the program's failure to includeprogram not accounting for OrgAlk in the TA calculation, resulting in an overestimation of carbonate alkalinity. In this study, we modifyadapted the traditional CO2SYS program21, by subtracting the measured OrgAlk concentration determined by titration process from TA on the left-hand side of in the TA calculation equationalkalinity balance (Eq. 2). This modification ensures that correction converts measured TA to the left-hand side of inorganic alkalinity used for solving the equation exactly equal to the right-hand sidecarbonate system, thereby removing anyavoiding the bias introduced when OrgAlk-induced bias from TA calculations. Consequently, this is implicitly treated as carbonate alkalinity. This approach gives an alkalinity balance equivalent to that solved by the modified CO2SYS program enables more reliable determination of CO2 system variables, including pHof ref. 27, in which the total concentrations and [CO32-], particularly in environments with elevated OrgAlkpKa values of organic acid groups are explicitly incorporated.
(2)


 

OrgAlk-induced biases in sampling sites
The OrgAlk-induced biases in pH and ΩAr resulting from neglecting OrgAlk in the Barents Sea and Svalbard fjords were assessed by comparing calculations using the modified CO2SYS program with TA, DIC, and OrgAlk as input variables against those from the traditional method, which uses only TA and DIC and omits OrgAlk.. Both calculations employed the same empirical formulations for the dissociation constants of carbonic acid40, bisulfate52acid43, bisulfate55, and total borate concentration51.concentration54. 
A set of perturbation experiments was conducted to examine how OrgAlk-induced biases in pH and ΩAr may respond to future carbonate system changes under SSP5-8.5. Three stepwise perturbation cases were designed to represent progressively combined future changes associated with warming, CO2 driven DIC accumulation, freshwater driven TA dilution, and enhanced riverine DOC input with a potential increase in OrgAlk. The changes in temperature, TA, and DIC were prescribed based on the mean SSP5 8.5 projections for the Arctic Ocean56. The increase in OrgAlk was based on the projected enhancement of riverine DOC input57 , under the assumption that riverine OrgAlk varies proportionally with DOC. For each perturbation case, pH and ΩAr were calculated with and without accounting for OrgAlk using the modified CO2SYS program, and the resulting differences were used to estimate OrgAlk induced biases.
ESM-based biases in present-day and future ocean acidification estimates
We alsofurther estimated biases in calculated pH and ΩAr for the modernrecent period (2005-2015) across the Arctic Ocean margins in the Barents Sea Opening region, where Earth system model (ESM) outputs are more directly applicable. Monthly salinity, nutrient, TA, and DIC data were taken from the Norwegian Earth System Model version 2 (NorESM2‑MM). Monthly OrgAlk concentrations were simulated by assuming that the relationship between OrgAlk, TA, and salinity observed in applies across the broader Barents Sea and Svalbard fjords applies across other Arctic marginal seas.Opening. Biases in pH and ΩAr across the entire Arctic Ocean marginsBarents Sea Opening was then estimated with the modified CO2SYS program.
The Moreover, we quantified the sensitivity of projectedESM-derived pH and ΩAr projections to the inclusion ofwhether OrgAlk was further quantified.is accounted for in carbonate system calculations for the Barents Sea Opening region. This sensitivity was evaluated for the Arctic Ocean margins under the Shared Socioeconomic Pathway (SSP) scenarios SSP1-2.6 and SSP5-8.5. Monthly values of surface TA, DIC, salinity, temperature, and nutrients were extracted from NorESM2‑MM simulations spanning the present to 2100. Assuming a temporally constant relationship among OrgAlk, TA, and salinity across the Arctic Ocean marginsBarents Sea Opening region, we quantified the sensitivity of projected pH and ΩAr to OrgAlk as the difference between calculations with and without its inclusionaccounting for OrgAlk.
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