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Abstract The Arctic region plays a disproportionate role in the global carbon cycle by acting as a critical
sink for atmospheric CO2. However, how Arctic air‐sea CO2 fluxes will respond to continued warming
regarding their spatial and temporal changes remains poorly understood. Here, using 14 CMIP6 Earth System
Models, we find that Arctic CO2 uptake exhibits nonmonotonic trends over the 21st century, initially increasing
and then declining, alongside a pronounced poleward shift in regions with high CO2 uptake. This shift is driven
primarily by sea ice retreat and warming‐induced rise in sea surface CO2 partial pressure (pCO2) that decreases
air‐sea pCO2 difference, which together lead to seasonally asymmetric changes in regional CO2 uptake. By the
end of the 21st Century, the Polar Sea surpasses the Barents Sea and the Arctic Ocean exceeds the Nordic Seas in
CO2 uptake. These findings indicate the importance of accurately simulating Arctic climate processes to assess
future carbon‐climate feedbacks and their implications for global climate mitigation.

Plain Language Summary The Arctic is an important carbon sink. In this study, we analyze the
future trends in the annual and seasonal variations of Arctic air‐sea CO2 flux, and their primary drivers. Our
results suggest that Arctic CO2 uptake does not increase steadily throughout the 21st century. Instead, it shows
an initial increase and subsequent decrease. Meanwhile, there will be a poleward shift in Arctic CO2 uptake,
with a clear poleward shift of maximum CO2 absorption capacity. The CO2 uptake in the Polar Sea will exceed
that in the Barents Sea, while in the wider Arctic Ocean it will exceed that in the Nordic Seas by the end of the
21st century. This northward shift is driven by seasonal differences in CO2 uptake changes, which are caused by
the combined effects of sea ice loss and a decreasing difference in air‐sea CO2 partial pressure.

1. Introduction
The ocean plays an important role in mitigating global change and has taken up about 25% of anthropogenic CO2
emitted by human activities (Friedlingstein et al., 2025; Gruber et al., 2023). The Arctic Ocean is considered a net
sink for atmospheric CO2 because of the high solubility of CO2 in its cold waters and high primary production in
summer (Cai et al., 2010; Ouyang et al., 2020; Yasunaka et al., 2016). Although the Arctic Ocean covers only
3%–4% of the global ocean area, it contributes to approximately 5%–10% of the global oceanic natural CO2 uptake
(Bates & Mathis, 2009; Cai et al., 2010; Manizza et al., 2019; Yasunaka et al., 2016).

Arctic Ocean air‐sea CO2 flux was estimated to be 116–180 TgC yr
− 1 (1 Tg = 1012g) (Arrigo et al., 2010;

Schuster et al., 2013; Yasunaka et al., 2016, 2023). It has been increasing since the 20th century mainly due to the
increase of atmospheric CO2 concentration and Arctic sea ice decline (Smedsrud et al., 2022). While this uptake
slows the buildup of CO2 in the atmosphere, it also exacerbates Arctic Ocean acidification (Bates &Mathis, 2009;
Cai et al., 2010). In recent decades, the Arctic Ocean has experienced rapid acidification at a rate 3–4 times higher
than other ocean basins, resulting in detrimental effects on Arctic ecosystems (Qi et al., 2022). Thus, the Arctic
Ocean carbon cycle and air‐sea CO2 exchange have important implications for both climate change and Arctic
marine ecosystems (Bates & Mathis, 2009).
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As a bellwether of climate change, the Arctic Ocean has experienced dramatic physical and ecological changes,
including warming, sea ice retreat, freshening of surface waters, altered surface circulation and enhanced primary
production (Ouyang et al., 2020; Zhang et al., 2022). The sea ice decay associated with Arctic warming is a crucial
indicator of both Arctic and global climate changes (Notz & Stroeve, 2016; Shu et al., 2022). Arctic sea ice has
been declining in all seasons since the late 1970s (Notz & Stroeve, 2016). Meanwhile, the “Atlantification” of the
Eurasian Basin and Barents Sea has intensified, characterized by the intrusion of warm Atlantic Waters into the
Arctic Ocean, driving ocean warming and accelerating sea ice basal melting (Polyakov et al., 2017; Wang
et al., 2024). Projections by climate models show that Arctic climate change will continue to intensify with
increasing greenhouse gas concentrations. The Arctic may even become ice‐free in summer, and winter sea ice is
expected to retreat further into the central Arctic Ocean over the coming decades (Dörr et al., 2022; Årthun
et al., 2021). In a warming climate, a persistent increase in Atlantic Water heat transport will amplify Arctic
Ocean warming, which is three times faster than the global ocean warming (Shu et al., 2022). Meanwhile, the
upper Arctic Ocean will become fresher due to increased river runoff, higher precipitation and rapid sea ice
decline (Jahn & Laiho, 2020; Shu et al., 2018; Wang et al., 2022).

Rapid climate change in the Arctic basin and marginal seas has strong impacts on the uptake of CO2 (Manizza
et al., 2019). The melting of sea ice expands the area and duration of open water, which significantly contributes to
enhancing CO2 uptake (Mu et al., 2024; Smedsrud et al., 2022). Atmospheric destabilization will lead to
intensified near‐surface winds over the Arctic Ocean in the future (Zapponini & Goessling, 2024), potentially
increasing gas exchange transfer velocity and thereby enhancing CO2 uptake. However, sea surface warming
causes seawater partial pressure of CO2 (pCO2) to increase (Müller et al., 2025; Orr et al., 2022; Takahashi
et al., 1993), potentially reducing oceanic CO2 uptake. Meanwhile, freshening of the upper Arctic Ocean en-
hances ocean stratification, which in turn may impact oceanic CO2 uptake (Dong et al., 2021; Droste et al., 2025;
Lee et al., 2025). Additionally, accelerated remineralization in a warming climate increases the seawater pCO2,
which may decrease the efficiency of the Arctic Ocean's biological carbon pump and weaken carbon sequestration
(Nielsen et al., 2024; Oziel et al., 2025). Earth SystemModels (ESMs) project that the seasonal cycle of the pCO2
in the Arctic Ocean will change considerably because of sea ice decline and sea surface warming, with the
maximum pCO2 shifting from winter to summer (Orr et al., 2022). Despite these insights, the latitudinal
dependence of the future Arctic air‐sea CO2 flux changes, which can influence the overall temporal evolution of
the Arctic Ocean's surface CO2 flux, remain unclear.

In this study, we examine the future changes in air‐sea CO2 fluxes across the Arctic in a warming climate by using
historical simulations and future projections from 14 ESMs participating in the Coupled Model Intercomparison
Project phase 6 (CMIP6) (Eyring et al., 2016). The remainder of this paper is structured as follows. Section 2
provides an overview of the data and analysis methods used in this study, followed by model assessment and
analysis of future projections and attribution of Arctic air‐sea CO2 flux changes in Section 3. Section 4 contains
discussions.

2. Materials and Methods
2.1. CMIP6 Data

We analyze simulated and projected air‐sea CO2 flux (positive values indicate CO2 fluxes into the ocean in this
study), sea ice concentration (SIC), 10‐m wind speed, air‐sea pCO2 difference (ΔpCO2), sea surface temperature,
sea surface salinity, and surface pCO2 in seawater from 14 CMIP6 ESMs (Table S1 in Supporting Informa-
tion S1). Because ESMs use different physical and biogeochemical component models (Table S1 in Supporting
Information S1), they usually have a large inter‐model spread. We mainly focus on the multi‐model mean
(MMM) results, which typically provide a more robust representation of large‐scale climate features than indi-
vidual models. Simulations for the period from 1850 to 2014 are from historical experiments. The future pro-
jections are driven by external forcing based on the Shared Socioeconomic Pathway 126, 245 and 585 (SSP1‐2.6,
SSP2‐4.5, and SSP5‐8.5) scenarios, which represents future pathways with an effective radiative forcing of
2.6 W m− 2, 4.5 W m− 2 and 8.5 W m− 2 in 2100, respectively (O’Neill et al., 2016; Riahi et al., 2017).

To assess the performance of CMIP6 ESMs in simulating air‐sea CO2 fluxes, we compared their simulated Arctic
air‐sea CO2 fluxes to those reported by Yasunaka et al. (2023). The long‐term estimates in Yasunaka et al. (2023)
are based on eight pCO2 products that combine surface ocean pCO2 observations, ocean biogeochemical hindcast
and data assimilation models, and atmospheric inversions.
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2.2. Attribution of Arctic Air‐Sea CO2 flux Changes

We use the following method to attribute the changes in air‐sea CO2 fluxes to each individual factor in isolation.
The air‐sea CO2 flux can be calculated as (Roobaert et al., 2024):

FCO2 = K0 · k ·ΔpCO2 · (1 − aice) (1)

where FCO2 (mol C m
− 2 yr− 1) represents the air‐sea CO2 flux and positive values indicate a CO2 flux into the

ocean. k (m yr− 1) is the gas exchange transfer velocity, which can be calculated based on 10‐m wind speed and
sea surface temperature (Wanninkhof, 2014); K0 (mol m− 3 atm− 1) is CO2 solubility, which can be calculated
based on sea surface temperature and sea surface salinity (Weiss, 1974); ΔpCO2 (atm) is the gradient between the
atmospheric pCO2 and oceanic pCO2 at ocean surface; aice is the SIC.

To attribute the temporal trend in air‐sea CO2 fluxes to each individual factor, including SIC, air‐sea ΔpCO2, CO2
solubility, and gas exchange transfer velocity, we calculate the air‐sea CO2 fluxes using Equation 1 and model
output variables. In each calculation, only one influencing factor is allowed to vary over time, while the remaining
variables are held fixed at their historical climatological values. The model output variables used in our calcu-
lations include monthly sea surface temperature, sea surface salinity, SIC, air‐sea ΔpCO2, and 10‐m wind speed.
Our results indicate that both the climatology and long‐term trends of Arctic air‐sea CO2 fluxes derived from
Equation 1 closely match those obtained directly from the CMIP6 model outputs (Figures S1 and S2 in Sup-
porting Information S1). This agreement suggests that calculating Equation 1 from monthly model output var-
iables is sufficient to capture the major drivers of Arctic air‐sea CO2 flux changes. Nevertheless, small differences
remain between the offline estimates and model direct outputs. The discrepancy might arise from two reasons.
First, the models compute air‐sea CO2 flux online using instantaneous variables, whereas our offline calculation
relies on monthly mean fields in Equation 1. Second, the flux parameterizations and associated constants used by
individual ESMs might not be identical to those assumed in Equation 1.

2.3. Separating Thermal and Non‐Thermal Contributions to pCO2 Changes

To further investigate the mechanistic drivers of the changes in air‐sea CO2 fluxes, we calculate the thermal and
non‐thermal components of seawater pCO2 changes based on sea surface temperature change and seawater pCO2
temperature dependence coefficient (0.0423) (Landschützer et al., 2018; Prend et al., 2022; Takahashi
et al., 1993). Specifically, the thermal component of the changes in seawater pCO2 during a time period (T2 − T1)
can be calculated as:

δ(pCO2)thermal = (pCO2)1 × exp(0.0423 × (SST2 − SST1)) − (pCO2)1 (2)

where (pCO2)1 and SST1 indicate seawater pCO2 and sea surface temperature at T1, respectively. SST2 denotes
sea surface temperature at T2. The non‐thermal component is then:

δ(pCO2)non− thermal = δ(pCO2)sea − δ(pCO2)thermal (3)

We use δ to represent difference in time, and use Δ to represent air‐sea difference as in Equation 1 (air pressure
minus sea surface pressure). The change of air‐sea ΔpCO2 in the period (T2 − T1) is:

δ(ΔpCO2) = δ(pCO2)air − δ(pCO2)sea
= δ(pCO2)air − [δ(pCO2)thermal + δ(pCO2)non− thermal]

= [− δ(pCO2)thermal] + [δ(pCO2)air − δ(pCO2)non− thermal]

(4)

The first term in the last equation is the seawater thermal contribution to the air‐sea ΔpCO2 change, the last term is
the residual, which indicates the air‐sea ΔpCO2 change without contribution from seawater temperature change.
The second and third rows in Figure 6 show these two terms, respectively.
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3. Results
3.1. Assessment of CMIP6 Earth System Models

The CMIP6 MMM simulations of Arctic climatological air‐sea CO2 fluxes exhibit a high degree of concordance
with observation‐based estimates (Table 1). Yasunaka et al. (2023) integrated data from surface ocean pCO2

Figure 1. Arctic annual mean air‐sea CO2 fluxes during 1850–2100 under (a, d) SSP1‐2.6, (b, e) SSP2‐4.5, and (c, f) SSP5‐8.5
scenarios. The red, blue, purple and orange lines depict the results over the Arctic Ocean (AO), Nordic Seas (NS), Barents
Sea (BS) and Polar Sea (PS) respectively. Positive values indicate a CO2 flux into the ocean. The panel inserted in (a) depicts
the division of the Arctic, with the blue zone representing the NS, the purple zone indicating the BS, the orange zone denoting
the PS, and the red box marking the AO. The shadings are one standard deviation of the CMIP6 ESMs.
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observational products, ocean biogeochemical hindcast and data assimilation models, and atmospheric in-
versions, to synthesize Arctic air‐sea CO2 fluxes and the associated uncertainties for the period 1985–2018. Their
synthesis provides regional flux estimates for multiple subdomains across the pan‐Arctic. To evaluate the CMIP6
ESMs simulations, we compare the MMM Arctic air‐sea CO2 fluxes with the estimates from Yasunaka
et al. (2023) for five Arctic regions (Figure S3 in Supporting Information S1): Polar Sea (PS), Barents Sea (BS),
Baffin Bay (BB), Western Greenland Sea (WGS), and Canadian Archipelago (CA). The simulated Arctic annual
mean air‐sea CO2 fluxes from the CMIP6 MMM over 1985–2018 is 110.9 ± 27.4 TgC yr− 1, which is within the
range of the estimates of 116± 4 TgC yr− 1 based on observational pCO2 products, 92± 30 TgC yr

− 1 based on the
ocean models, and 92 ± 21 TgC yr− 1 based on the atmospheric inversions (Table 1). Regionally, the CMIP6
MMM air‐sea CO2 fluxes over the BS, PS, BB, and WGS are 49.9 ± 7.7, 31.5 ± 13.2, 13.5 ± 6.4, and
14.4 ± 4.7 TgC yr− 1, respectively. These values are broadly consistent with the estimates from pCO2 products,
ocean models, and atmospheric inversions from Yasunaka et al. (2023) (Table 1). This indicates that the CMIP6
MMM provides a reasonable representation of Arctic air‐sea CO2 fluxes, supporting its usage in future projection
studies.

3.2. Nonmonotonic Changes of Arctic Air‐Sea CO2 Flux

In the 21st century, the projections based on the CMIP6 MMM indicate that the air‐sea CO2 fluxes in the Arctic
show nonmonotonic trends, initially increasing and subsequently decreasing (Figure 1). In this study, we divide
the Arctic region into the Arctic Ocean (AO) and the Nordic Seas (NS), with the Arctic Ocean further divided into
the PS and the BS (inserted panel in Figure 1a). The CMIP6 MMM demonstrates that the Arctic Ocean has acted
as a sink for atmospheric CO2 over the last century, with a noticeable upward trend in air‐sea CO2 fluxes,
consistent with previous findings (Smedsrud et al., 2022). In the 21st century, CMIP6 projections show that the
air‐sea CO2 fluxes in both the Arctic Ocean and the Nordic Seas increase further, followed by a subsequent
decline, under all three scenarios SSP1‐2.6, SSP2‐4.5, and SSP5‐8.5 (Figures 1a–1c). This nonmonotonic
behavior is also found in the subregions of the Arctic Ocean, with the Barents Sea and the Polar Sea both
exhibiting such a behavior during the 21st century (Figures 1d–1f).

The timing of the onset of air‐sea CO2 flux decline follows a latitudinal progression, beginning at lower latitudes
and gradually advancing toward higher latitudes (Figure 2 and Figure S4 in Supporting Information S1). Under
the SSP1‐2.6 scenario, air‐sea CO2 fluxes in the Nordic Seas and the Barents Sea begin to decrease around 2020
(Figures 1a and 1d and Figure S4a in Supporting Information S1). Under the SSP2‐4.5 scenario, air‐sea CO2
fluxes begin to decrease around the year 2030 in the Nordic Seas and the Barents Sea (Figures 1b and 1e and
Figure S4b in Supporting Information S1). Under the SSP5‐8.5 scenarios, the decline in air‐sea CO2 fluxes is
projected to start in the 2050s and 2060s in the Nordic Seas and the Barents Sea (Figures 1c and 1f and Figure S4c
in Supporting Information S1). In the Polar Sea, a decline before the end of the 21st century is projected to occur
only along its periphery, not in its central area (Figure S4 in Supporting Information S1). Furthermore, Figure 2
and Figure S4 in Supporting Information S1 also show that the onset of the decline in Arctic air‐sea CO2 fluxes is
delayed under higher emission scenarios. This delay can be attributed to elevated atmospheric CO2 concentrations

Table 1
Net Annual Air‐Sea CO2 Flux Averaged Over the 1985–2018 Period Based on pCO2 Products, Ocean Models, Atmospheric
Inversion (Yasunaka et al., 2023) and CMIP6 Multi‐Model Mean

CO2 flux (TgC yr
− 1)

Region pCO2 products Ocean models Atmospheric inversions CMIP6 MMM

Barents Sea (BS) 49.4 ± 7.5 39.5 ± 11.8 34.7 ± 10.8 49.9 ± 7.7

Polar Sea (PS) 33.8 24.4 18.5 31.5 ± 13.2

Baffin Bay (BB) 23.1 ± 4.6 14.9 ± 5.3 17.4 ± 0.7 13.5 ± 6.4

Western Greenland Sea (WGS) 13.8 ± 4.3 11.4 ± 2.8 18.5 ± 9.0 14.4 ± 4.7

BS + PS + BB + WGS + CA 116.2 ± 4.2 91.5 ± 30.0 91.1 ± 20.8 110.9 ± 27.4

Note. Positive values indicate CO2 fluxes into the ocean. The uncertainties (one standard deviation) are calculated across
different estimates and CMIP6 ESMs.
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with higher emissions, which enhance the air‐sea ΔpCO2 and thereby sustain oceanic CO2 uptake for a longer
period (Hauck & Völker, 2015). As a result, the decline in air‐sea CO2 fluxes occurs later under higher emission
scenarios.

Figure 2. Zonal‐mean emergence time of the air‐sea CO2 flux decline under (a) SSP1‐2.6, (b) SSP2‐4.5 and (c) SSP5‐8.5
scenarios. Symbols show the median (dots) and the interquartile range (bars: 25th–75th percentiles) across CMIP6 ESMs.
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3.3. Poleward Shift in CO2 Uptake

A comparison between the Arctic Ocean and the Nordic Seas reveals that the annual mean air‐sea CO2 fluxes in
the Arctic Ocean have exceeded those of the Nordic Seas by the 2020s (Figures 1a–1c). This indicates a poleward
shift in Arctic surface CO2 uptake, where the maximum CO2 uptake has moved from the Nordic Seas to the Arctic

Figure 3. Seasonal mean air‐sea CO2 fluxes for the period 1850–2100 under SSP5‐8.5 scenario: (a, e) Winter, (b, f) Spring,
(c, g) Summer, and (d, h) Autumn. The red, blue, purple and orange lines depict the results over the Arctic Ocean (AO),
Nordic Seas (NS), Barents Sea (BS) and Polar Sea (PS) respectively. Positive values indicate a CO2 flux into the ocean and
the shadings are one standard deviation of the CMIP6 ESMs.
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Ocean. The estimated years when this crossover occurs are 2017 ± 17 (mean ± one standard deviation),
2018 ± 27, and 2016 ± 29 under the SSP1‐2.6, SSP2‐4.5, and SSP5‐8.5 scenarios, respectively. Furthermore, the
poleward shift is also observed within the Arctic Ocean itself. The annual mean air‐sea CO2 fluxes in the Polar
Sea are projected to exceed those of the Barents Sea within the 21st century (Figures 1d–1f). The transition years
are 2068± 41, 2043± 35, and 2035± 33 under SSP1‐2.6, SSP2‐4.5, and SSP5‐8.5 scenarios, respectively. These
results suggest a progressive shift in the region of maximum CO2 uptake toward higher latitudes in the Arctic
region in a warming climate.

The poleward shift in Arctic surface CO2 uptake is closely linked to the seasonal asymmetry in its temporal
evolution. Figure 3 shows the seasonal air‐sea CO2 fluxes under the SSP5‐8.5 scenario in different regions. In the
Nordic Seas and Barents Sea, the fluxes exhibit a nonmonotonic evolution in all four seasons. Specifically, a
decline starts around the mid‐21st century in the summer (July, August, September) and autumn (October,
November, December) months (Figures 3c, 3d, 3g, and 3h), and emerges in the 2080s in winter (January,
February, March) and spring (April, May, June) (Figures 3a, 3b, 3e, and 3f). In contrast, the Polar Sea exhibits a
distinct seasonal response. While it shows a nonmonotonic evolution in summer (Figure 3g), it displays sustained
and remarkable increasing trends in winter, spring, and autumn throughout the 21st century (Figures 3e, 3f,
and 3h). The overall temporal evolution in the Arctic Ocean is largely determined by the trends in the Polar Sea.
This distinct seasonal response to climate warming between regions explains the shift in maximum surface CO2
absorption toward higher latitudes. It underlies the projected transition in which CO2 uptake in the Polar Sea
surpasses that in the Barents Sea (Figure 1f), and the Arctic Ocean exceeds the Nordic Seas in CO2 absorption
(Figure 1c).

Furthermore, Figures 3c and 3g indicate that by the end of the 21st century, the Arctic air‐sea CO2 fluxes will
become negative in summer, indicating that the Arctic Ocean may transition from a carbon sink to a carbon source
seasonally. This transition occurs mainly in the shelf seas of the Arctic Ocean (Figure S5 in Supporting
Information S1).

3.4. Major Factors Determining the Poleward Shift of CO2 Uptake

To investigate the effects of different factors (Equation 1) on Arctic air‐sea CO2 fluxes, we calculate the trends of
air‐sea CO2 fluxes, SIC, air‐sea ΔpCO2, CO2 solubility, and gas exchange transfer velocity for each season and
each 30‐year period over the time frame 1981–2100 (Figures S6–S9 in Supporting Information S1). To more
effectively attribute and clarify the physical mechanisms underlying Arctic air‐sea CO2 fluxes variations, we
primarily focus on results under the SSP5‐8.5 scenario in which climate change signals are more pronounced.

The upward trend in Arctic air‐sea CO2 fluxes and the decreasing trend in SIC have a notable spatial correlation in
most seasons (Figures S6a–S6h, S7a–S7h, S9a–S9h in Supporting Information S1), with the exception of summer
after 2040 (Figures S8a–S8h in Supporting Information S1). This correlation aligns with the established mech-
anism that expanding open water areas enhance the ocean's capacity to absorb atmospheric CO2 (Bates
et al., 2006; Gao et al., 2012). In the Polar Sea, following the extensive retreat of summer sea ice, the trends of air‐
sea CO2 fluxes turn negative after 2040, that is, a decrease in CO2 uptake. This reversal coincides with a decline in
air‐sea ΔpCO2 (Figures S8c, S8d, S8k, and S8l in Supporting Information S1). The decrease in the air‐sea ΔpCO2
is mainly related to the elevated seawater pCO2, which can be caused by sea surface warming and accelerated
biological remineralization under warming climate by reducing CO2 solubility and producing more CO2,
respectively (Müller et al., 2025; Orr et al., 2022; Oziel et al., 2025).

The CO2 solubility is projected to decline in all seasons, with the decreasing trend expanding poleward over time
(Figures S6m–S6p, S7m–S7p, S8m–S8p and S9m–S9p in Supporting Information S1). However, in most seasons,
trends in CO2 solubility are not spatially consistent with trends in air‐sea CO2 fluxes, except during summer after
2040 (Figures S8c, S8d, S8o and S8p in Supporting Information S1). Meanwhile, gas exchange transfer velocity
shows a positive trend in most of the Arctic region in all seasons (Figures S6q–S6t, S7q–S7t, S8q–S8t, S9q–S9t in
Supporting Information S1). As this increase occurs across seasons, it does not account for the seasonal difference
in the temporal evolution of air‐sea CO2 fluxes. This suggests that direct changes in CO2 solubility (K0) and gas
exchange transfer velocity (k) may not be the primary drivers of the observed variations in air‐sea CO2 fluxes.

Analyzing the trends of the four influencing factors qualitatively is insufficient to determine their relative con-
tributions to changes in Arctic air‐sea CO2 fluxes. Therefore, we quantify the contribution of each factor by
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comparing the trends in air‐sea CO2 fluxes calculated using Equation 1—with only one transient variable and all
others held at their historical climatology—to the overall flux trends (Figures 4 and 5; Figures S10–S15 in
Supporting Information S1).

In winter, the region exhibiting positive trends in air‐sea CO2 fluxes extends progressively poleward over time
(Figures 4a–4d). By the late 21st century, the Polar Sea shows the strongest positive trend, whereas the Nordic
Seas and Barents Sea begin to exhibit negative trends. The poleward shift of the positive trends is largely
attributable to the decline in sea ice, which increases the extent of open water and facilitates greater CO2 uptake
(Figures 4e–4h). In contrast, the emergence of negative trends in the Nordic Seas and Barents Sea toward the
century's end is mainly driven by a reduction in the air‐sea ΔpCO2 (Figures 4d and 4l). The air‐sea ΔpCO2 in the
Nordic Seas increases during the early and mid‐21st century (Figures S6j and S6k in Supporting Information S1),
causing a rise in air‐sea CO2 fluxes in this region (Figures 4b, 4c, 4j, and 4k). Changes in CO2 solubility and gas
exchange transfer velocity exert smaller, yet noticeable, effects on air‐sea CO2 fluxes, and their influence be-
comes more pronounced over time (Figures 4m–4t). Among all contributing factors, sea ice decline plays the most
important role in driving winter increases in Arctic air‐sea CO2 fluxes. Specifically, in the Polar Sea, sea ice
decline accounts for up to 80% of the total increase in air‐sea CO2 fluxes during the period 2071–2100 (Figure
S12d in Supporting Information S1).

In summer, air‐sea CO2 fluxes exhibit an increasing trend in the Polar Sea prior to 2040, followed by a declining
trend across the entire Arctic region in the later half of the century (Figures 5a–5d). The initial increase is pri-
marily driven by sea ice decline (Figures 5e–5h), while the subsequent decline is mainly attributed to a reduction
in the air‐sea ΔpCO2 (Figures 5i–5l). The Arctic may become ice‐free in summer between 2030 and 2050 (Jahn
et al., 2024; Notz & Community, 2020), and the latest estimates suggest the first ice‐free day could occur before
2030 (Heuzé & Jahn, 2024). This timeline largely coincides with the reduction in Arctic summer air‐sea CO2
fluxes. Figure 6 suggests that ocean warming exerts a crucial contribution to the reduction in air‐sea ΔpCO2, that
is, by warming‐induced declines in CO2 solubility and thus rises in sea surface pCO2 (Landschützer et al., 2018;
Müller et al., 2025), although it only accounts for about one third of the change in seawater pCO2 itself (Figure
S16 in Supporting Information S1). Conversely, the direct influences of changes in CO2 solubility and gas ex-
change transfer velocity are relatively small on the overall trend (Figures 5m–5t). After 2040, as the Arctic Ocean
becomes largely ice‐free in summer, the effect of reduction in the air‐sea ΔpCO2 dominates, leading to a sub-
stantial decrease in Arctic air‐sea CO2 flux. In the Polar Sea, this effect accounts for approximately 90% of the
overall decrease in air‐sea CO2 fluxes during the period 2071–2100 (Figure S14d in Supporting Information S1).

Overall, the decline in sea ice and changes in the air‐sea ΔpCO2 are the two major factors determining the trends
in Arctic air‐sea CO2 fluxes, a fact found across all seasons, including spring and autumn as well (Figures S10 and
S11 in Supporting Information S1). Sea ice decline exerts a stronger influence in regions and periods where SIC is
high, while changes in the air‐sea ΔpCO2 play a larger role in areas and periods characterized by low or absent sea
ice cover. The combined effects of these two factors lead to distinct temporal evolution of the surface CO2 uptake
in different seasons, resulting in a poleward shift of the region with maximum CO2 uptake (Figure 3). In
particular, under the SSP5‐8.5 scenario, the Polar Sea experiences a decline in air‐sea CO2 flux only in summer by
the end of the 21st century, induced by a reduction in air‐sea ΔpCO2 (Figure 5 and Figure S14 in Supporting
Information S1). In contrast, it has increasing air‐sea CO2 fluxes in other seasons, primarily attributed to sea ice
decline (Figure 4; Figures S10–S13, and S15 in Supporting Information S1). Meanwhile, the Nordic and Barents
Seas exhibit declining trends in all seasons, mainly due to reduction in air‐sea ΔpCO2. As a result, by the end of
the century, the Polar Sea is projected to exhibit higher CO2 uptake than the Barents Sea, and the broader Arctic
Ocean will surpass the Nordic Seas in CO2 uptake (Figure 1).

4. Discussion
This study investigates future changes in Arctic air‐sea CO2 fluxes in a warming climate using multi‐model
projections from CMIP6 ESMs. We find nonmonotonic trends in Arctic air‐sea CO2 fluxes over the 21st cen-
tury: an initial increase in the ocean CO2 uptake, and a later decrease in the ocean CO2 uptake. This behavior is
accompanied by a poleward shift in the region of maximum CO2 uptake, both from the Nordic Seas to the Arctic
Ocean and within the Arctic Ocean from the Barents Sea to the Polar Sea. Seasonal and spatial variabilities play
crucial roles in these changes, driven primarily by two dominant factors: declining SIC and warming induced
surface pCO2 rise that lowers air‐sea ΔpCO2. Our quantitative analysis shows that sea ice decline is the primary
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Figure 4. Linear trends over four 30‐year periods from 1981 to 2100 under the SSP5‐8.5 scenario for winter: (a–d) air‐sea
CO2 fluxes, the contributions of (e–h) sea ice concentration (SIC), (i–l) air‐sea pCO2 difference (ΔpCO2), (m–p) CO2
solubility, and (q–t) gas exchange transfer velocity. Dots indicate that linear trends exceed the 95% confidence level, and the
solid black line is the zero‐value contours.
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Figure 5. Same as Figure 4, but for summer.
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driver of increased CO2 uptake in ice‐covered seasons and regions, whereas reduced air‐sea ΔpCO2 due to in-
creases in seawater pCO2 is the main cause of declining uptake in the latter half of the century in open water areas.
Ocean warming exerts a crucial contribution to the reduction in air‐sea ΔpCO2. Even under the high‐emission
SSP5‐8.5 scenario, the Arctic Polar Sea is projected to continue increasing CO2 uptake in most seasons except
summer by the end of the century.

The nonmonotonic behavior and poleward shift of Arctic air‐sea CO2 fluxes revealed by this study suggest an
evolving role of the Arctic Ocean in the global carbon cycle. In the early stages of climate warming, sea ice retreat
exposes larger areas of open water, enhancing the Arctic's capacity to absorb atmospheric CO2 (Bates
et al., 2006). However, as the CO2 solubility and the efficiency of biological carbon pump decrease under
intensified warming, rising seawater pCO2 diminishes the ocean's ability to absorb CO2 (Orr et al., 2022; Oziel
et al., 2025). This decline in uptake efficiency, particularly in traditionally productive regions like the Barents
Sea, may indicate a weakening negative feedback to atmospheric CO2 concentrations. The changes in Arctic air‐
sea CO2 fluxes emphasize the importance of understanding the nuanced temporal and latitudinal evolution of air‐
sea interactions in climate models, especially in light of rapid Arctic atmospheric and oceanic amplification.

Figure 6. (a–d) Temporal change of air‐sea pCO2 difference in summer, (e–h) the contribution from seawater thermal effect
to this change, and (i–l) the residual. The change is calculated for each 30‐year period under the SSP5‐8.5 scenario. The
residual in the third row denotes the difference between the first and the second rows. Equation 4 explains the calculation.
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Future changes in Arctic air‐sea CO2 fluxes will be determined by the complex interplay of multiple processes.
Based on our study, the spatiotemporal evolution of Arctic air‐sea CO2 fluxes is the result of competitive and
cooperative interactions between two dominant factors: sea ice melt and air‐sea ΔpCO2, with varying relative
importance seasonally and regionally. Until the mid‐21st century, sea ice melt remains the primary driver of an
enhanced Arctic carbon sink, largely controlling the increase in Arctic air‐sea CO2 uptake. However, in the latter
half of the 21st century, particularly in summer, seawater warming contributes to the reduction of the air‐sea
ΔpCO2. This becomes the main factor contributing to the decline in Arctic air‐sea CO2 uptake. This shift in
driving mechanisms suggests that the future carbon uptake capacity of an increasingly ice‐free Arctic will be
mainly regulated by ocean warming and marine biogeochemical processes (Cai et al., 2010). Although changes in
CO2 solubility and gas transfer velocity contribute less to the total flux changes, their impact gradually becomes
more pronounced over time. Furthermore, the freshening and warming of the upper ocean in the Arctic Ocean
may lead to changes in its oceanic stratification (Nummelin et al., 2016; Shu et al., 2018; Wang et al., 2022). A
strengthened ocean stratification may prevent the upwelling of deep water rich in dissolved inorganic carbon to
the surface, resulting in low pCO2 in surface seawater and promoting CO2 absorption (DeVries et al., 2017).
However, strong ocean stratification weakens deep convection and impedes surface CO2 transport to the deep
ocean, leading to accelerated accumulation of dissolved inorganic carbon at the surface and reduced CO2 ab-
sorption (Lee et al., 2025). Therefore, the net effect of changes in ocean stratification on Arctic air‐sea CO2 fluxes
in a warming climate should be further studied in the future.

The spatial redistribution of CO2 uptake bears important implications for Arctic marine ecosystems (Bates &
Mathis, 2009; Sugie et al., 2019). The shift of CO2 uptake toward the Polar Sea, where biological activity and
human influence are currently relatively limited, may disrupt local carbonate chemistry, exacerbating acidifi-
cation in ecologically sensitive and previously buffered zones (Bates & Mathis, 2009; Landschützer et al., 2018;
Qi et al., 2017; Terhaar et al., 2020). This could threaten calcifying organisms and alter food web structures in
regions already experiencing environmental stress (Bates & Mathis, 2009; Nagelkerken et al., 2016; Terhaar
et al., 2020). As the Arctic transitions into a new climate regime with shifting biogeochemical baselines (Juranek
et al., 2019), the changing role of the Arctic Ocean in climate mitigation must be explicitly integrated into global
carbon management strategies. Conversely, biological processes also influence the oceanic uptake of CO2.
Changes in phytoplankton communities directly alter the efficiency of the biological carbon pump. For example,
transitions from nutrient‐rich diatoms to smaller phytoplankton typically result in lower carbon export efficiency,
making this a critical factor for assessing future shifts in Arctic carbon sinks (Ardyna & Arrigo, 2020). Terrestrial
inputs from rivers and coastal erosion further complicate this picture. On the one hand, they can enhance primary
productivity in the Arctic Ocean (Terhaar et al., 2021). On the other hand, they also accelerate biological
remineralization, reduce carbon export efficiency, and promote coastal CO2 outgassing, which weakens the
ocean's capacity to act as a carbon sink (Nielsen et al., 2024; Oziel et al., 2025). However, CMIP6 ESMs have
limitations when it comes to representing terrestrial inputs, phytoplankton phenology and biogeographic tran-
sitions (Ardyna & Arrigo, 2020; Nielsen et al., 2024; Oziel et al., 2025). Many CMIP6 ESMs either omit these
processes or represent them with simple parameterizations, leading to uncertainties in simulated Arctic pro-
ductivity, air‐sea CO2 fluxes, and their future changes.

In this study, we use an air‐sea CO2 flux parameterization (Equation 1) to investigate the contributions of different
factors to changes in air‐sea CO2 fluxes. However, different parameterizations for the calculation of air‐sea CO2
fluxes may introduce some uncertainty in the results. In the Arctic, the uncertainty in the calculated air‐sea CO2
fluxes is mainly associated with the treatment of sea ice and gas exchange transfer velocity (Dutch et al., 2025;
Jersild & Landschützer, 2024). Most global models and data products use a linear scaling with SIC, assuming that
gas exchange only occurs over ice‐free open water (Butterworth & Miller, 2016). However, some research in-
dicates that more complex nonlinear parameterization (FCO2 = K0 · k ·ΔpCO2 · (1 − aice)0.4) (Loose
et al., 2009) may lead to nonnegligible differences in carbon sink estimates across the entire Arctic Ocean.
Additionally, we use the gas exchange transfer velocity parameterization developed by Wanninkhof (2014),
which currently serves as the standard and default scheme for global carbon budget assessment. Nevertheless,
uncertainty can arise from the choice of specific formulations and coefficients, such as whether bubble‐mediated
enhancement at high wind speeds is included (Ho et al., 2006) or whether parameterizations are optimized for low
wind speeds during short periods (Nightingale et al., 2000). Therefore, the effects of these different parame-
terizations should be assessed in the future.
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Both sea ice cover and ocean hydrography play a key role in regulating air‐sea CO2 fluxes in the Arctic. However,
considerable uncertainties remain in current ESMs regarding their representation of these key processes (Heuzé
et al., 2023; Khosravi et al., 2022; Latonin et al., 2021; Muilwijk et al., 2022; Shu et al., 2019). In particular, many
models exhibit a systematic bias, overestimating climatological sea ice extent and underestimating the observed
declining trend in sea ice cover (Li et al., 2017; Pan et al., 2023). Additionally, there is substantial inter‐model
spread in simulated Arctic Ocean temperature and salinity (Khosravi et al., 2022). Therefore, improving the
accuracy of model simulations is essential for reducing uncertainty in projections of the Arctic's role in the global
carbon cycle.

Some important physical processes influencing Arctic air‐sea CO2 fluxes have not been fully incorporated in
CMIP6 ESMs. For example, ocean surface wave breaking can regulate the velocity of gas transfer at the air‐sea
interface through enhancing surface ocean turbulence (Bigdeli et al., 2018). In addition, precipitation may affect
the seawater pCO2 and the carbonate system by reducing salinity and alkalinity of surface seawater, increasing
oceanic turbulence and introducing CO2 into the ocean through wet deposition, as raindrops absorb atmospheric
CO2 during their descent (Parc et al., 2024). Future research should focus on incorporating these processes into
ESMs to reduce simulation biases.
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