
1. Introduction
Human activities have increased the atmospheric CO2 concentrations from ∼280 μatm before the Industrial Rev-
olution to ∼410 μatm in 2020. The continuous dissolution of anthropogenic CO2 has lowered global ocean pH 
by ∼0.1, a process commonly known as ocean acidification (OA, Orr et al., 2005). OA can be more rapid and 
intensified in some hotspots because of regional biogeochemical processes. In the North Pacific and Pacific 
Arctic, these exacerbations can include mechanisms such as coastal upwelling (Feely et al., 2008), glacial melt 
(Evans et al., 2014; Jones et al., 2017; Pilcher et al., 2018), river runoff (Cross et al., 2013; D’Olivo et al., 2013; 
Mathis et al., 2011b, 2011a; Polukhin, 2019), the biological pump (Cross, Mathis, Frey, et al., 2014; Cross, Ma-
this, Lomas, et al., 2014; Cross et al., 2018), and eutrophication (Cai et al., 2011). Given this natural vulnerability 
and anthropogenic acidification, the volume of undersaturated water (calcium carbonate saturation state <1) in 
the Pacific halocline is expanding northwards to the Arctic Ocean (Qi et al., 2017). Terhaar et al. (2020) recent-
ly reported that a basin-averaged undersaturated state would be reached before the end of 21st century. Some 

Abstract By compiling boreal summer (June to October) CO2 measurements from 1989 to 2019 on the 
Bering and eastern Chukchi Sea shelves, we find that the study areas act as a CO2 sink except when impacted 
by river runoff and wind-driven upwelling. The CO2 system in this area is seasonally dominated by the 
biological pump especially in the northern Bering Sea and near Hanna Shoal, while wind-driven upwelling 
of CO2-rich bottom water can cause episodic outgassing. Seasonal surface ΔfCO2 (oceanic fCO2 – air fCO2) 
is dominantly driven by temperature only during periods of weak CO2 outgassing in shallow nearshore areas. 
However, after comparing the mean summer ΔfCO2 during the periods of 1989–2013 and 2014–2019, we 
suggest that temperature does drive long-term, multi-decadal patterns in ΔfCO2. In the northern Chukchi Sea, 
rapid warming concurrent with reduced seasonal sea-ice persistence caused the regional summer CO2 sink to 
decrease. By contrast, increasing primary productivity caused the regional summer CO2 sink on the Bering 
Sea shelf to increase over time. While additional time series are needed to confirm the seasonal and annual 
trajectory of CO2 changes and ocean acidification in these dynamic and spatially complex ecosystems, this 
study provides a meaningful mechanistic analysis of recent changes in inorganic carbonate chemistry. As 
high-resolution time series of inorganic carbonate parameters lengthen and short-term variations are better 
constrained in the coming decades, we will have stronger confidence in assessing the mechanisms contributing 
to long-term changes in the source/sink status of regional sub-Arctic seas.

Plain Language Summary The ocean performs an essential function for the planet by removing 
carbon dioxide (CO2) from the atmosphere, providing an important limit on climate change and global 
warming. Hence it is critical to understand how much CO2 can be absorbed by the ocean surface in different 
regions and at different times of the year. On the Bering and Chukchi Sea shelves, ocean plants and temperature 
control how much CO2 can be absorbed by the ocean, especially during summer (June to October), and both are 
changing as our climate warms. Using 30 years of field data, we find that, on average, ocean plants help take 
up a substantial amount of CO2 on the shelves during summer. Over time, ocean plants on the Bering Sea shelf 
have been taking up more and more CO2 each summer; however, on the Chukchi Sea shelf, warming ocean 
temperatures have resulted in less CO2 uptake each summer. While our study shows that climate change can 
impact CO2 uptake by changing ocean temperatures and ocean plant activity, it is unclear if these changes are 
permanent or temporary. More data and research are essential to better understand these trends.
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impacts of this acidification can already be detected: for example, the combination of anthropogenic CO2 uptake 
and natural processes can result in seasonal carbonate mineral dissolution in the Bering Sea (Cross et al., 2013).

Despite many efforts investigating the carbonate system in high-latitude areas, there remains considerable un-
certainty regarding sea-air CO2 fluxes. For example, estimates of the Arctic Ocean CO2 flux can range from −1 
to −20 mmol C m−2 d−1 (from atmosphere to ocean), depending on the approach used (Manizza et al., 2019). 
Similarly, the Bering Sea shelf's annual sea-air CO2 flux varies from −0.66 to −22 mmol C m−2 d−1 (Cross, Ma-
this, Frey et al., 2014; Manizza et al., 2019; Sun et al., 2020). A primary reason for such high flux uncertainty 
is regional and sub-regional temporal and spatial variability. In many cases, this variability is linked to sea ice: 
for example, the presence of sea-ice over the southeastern Bering Sea shelf can control the spring phytoplankton 
bloom and associated CO2 drawdown, and the extent of ice cover and the timing of retreat vary interannually 
(Kachel et al., 2002; Sigler et al., 2014). Meanwhile, fall blooms in the Bering Sea and Chukchi Seas are highly 
variable (Waga & Hirawake, 2020). These changing seasonal influences cause intense variability in sea-air CO2 
fluxes and the overall carbon cycle (Cross, Mathis, Frey, et al., 2014; Cross, Mathis, Lomas, et al., 2014).

In addition to exerting control over phytoplankton production and the biological pump, recent studies have re-
ported that the ice matrix itself can significantly regulate sea-air CO2 exchange (Geilfus et al., 2013; Rysgaard 
et al., 2011). In some cases, ice crystal formation increases the gas exchange efficiency through the surface film. 
Simultaneously, intense supersaturation of carbonates in brine leads to carbonate mineral precipitation (Anderson 
et al., 2004). The subsequent sea-ice melt during the summer period therefore releases highly buffered meltwater 
with low fCO2 (fugacity of CO2) back to the surface layer, enhancing the seasonal uptake of atmospheric CO2 
(e.g., Cross et al., 2013; Rysgaard et al., 2009). Moreover, ice algal production reduces surface-water CO2 concen-
trations, enhancing the sea-air gas exchange through the ice matrix (Rysgaard et al., 2007, 2011). The combined 
influence of all these processes as well as physical conditions during ice formation and melt can substantially 
moderate how gas moves through the ice matrix, and the influence that ice melt can have on the ocean surface 
(Bates et al., 2014).

There is a general agreement among the scientific community that sea ice is expected to become thinner, younger, 
and more ephemeral as the Arctic system continues to warm (Lannuzel et al., 2020). However, there is an ongoing 
debate about the response of the carbon system to continued sea-ice loss. On one hand, increasing open water area 
favors oceanic uptake of CO2 by allowing more light penetration to enhance productivity and by removing the 
mechanical barrier for sea-air CO2 exchange (Arrigo et al., 2008; Arrigo & van Dijken, 2015; Bates et al., 2006; 
Bates & Mathis, 2009; Lewis et al., 2020). However, meltwater can also increase surface stratification, which 
limits the ocean's capacity for surface storage of CO2, suppresses nutrient replenishment from depth, and depress-
es the efficiency of biological carbon pump (Cai et al., 2010; DeGrandpre et al., 2020; Lannuzel et al., 2020; 
Ouyang et al., 2020). Further nuance results from ongoing warming that favors permafrost thaw and changes the 
riverine and groundwater flux of carbon and nutrients to Alaskan waters (Schuur et al., 2015; Tank et al., 2016; 
Vonk et al., 2015; Walvoord & Striegl, 2007). The photochemical degradation of terrigenous material can also 
make the terrestrial dissolved organic carbon labile for microbial respiration (Ward et al., 2014, 2017). All the 
processes mentioned above make it challenging to predict changes in the carbon system at high latitudes as the 
regional impacts of climate continue to emerge (Lannuzel et al., 2020).

In this study, we use the Surface Oceanic CO2 Atlas version 2020 (SOCATv2020) combined with an extensive 
new dataset of surface ocean carbon measurements collected from autonomous platforms to examine both the 
spatial and temporal changes of summer (June to October) surface fCO2 over the Bering and Chukchi Sea shelves 
from 1989 to 2019. First, we explore the mechanisms that influence summer surface fCO2 dynamics, including 
temperature, the biological carbon pump, and ocean circulation. We then discuss the change in summer fCO2 as 
the system has warmed over time. Last, we address the underlying processes controlling the changes in summer 
fCO2 over time. This study's analysis of summer fCO2 long-term change is essential to predicting changes in the 
carbon cycle in a warm, low-ice future.

2. Study Area
The Bering and Chukchi Seas are shallow (water depths <150 m) continental shelves that represent the gateway 
from the North Pacific Ocean to the Arctic Ocean (Figure 1). The water masses and circulation in the study area 
have been addressed by many previous studies (e.g., Lin, Pickart, McRaven et al., 2019; Lin, Pickart, Moore, 
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et al., 2019; Pickart et al., 2019). Here, we briefly review a few of the known 
features in the study area to facilitate later discussion.

In the Bering Sea, the timing and extent of seasonal sea ice play impor-
tant roles in determining the physical and biological structure of the water 
column (Ladd & Stabeno, 2012), but the combination of wind-driven and 
tidal mixing with bottom topography generally leads to the formation of 
three along-shelf domains separated by semi-permanent frontal structures 
at the 50 and 100 m isobaths (Kachel et al., 2002; Schumacher et al., 1979; 
Stabeno et  al.,  1999). The Coastal Domain (coast to ∼50  m isobath) is 
often unstratified due to mixing of the upper and lower portions of the 
water column by wind and tides, respectively, although freshwater dis-
charge during the start of spring can cause some ephemeral stratification. 
As the shelf deepens, stratification emerges in the Middle Domain (∼50–
∼100 m water depth) between a dense, tidally mixed bottom layer and a 
wind-mixed surface layer. The Outer Domain (∼100 m water depth to the 
shelfbreak) also exhibits some stratification, but the pycnocline is often 
less sharp. Tidal energy controls most of the cross-shelf circulation on the 
Bering Sea shelf. Slow along-shelf flow (<5 cm s−1) typically follows the 
bathymetry northward.

Bering Strait, 85 km wide and 50 m deep, is the sole gateway of Pacif-
ic water into the western Arctic Ocean. The annual mean current veloc-
ities in this narrow, shallow passage range from 20–40 cm s−1, with the 
strongest mean flow in the western channel (Woodgate, 2018). There are 
three primary branches in the Bering Strait inflow. The Alaskan Coastal 
Current (ACC) flows northward on the eastern side of the strait along 
the coast toward Barrow Canyon. The ACC advects warm, fresh, nutri-
ent-poor Alaskan Coastal Water (ACW, Table 1), mainly during summer, 
which originates from continental runoff (Stabeno et al., 1995; Woodgate 
et al., 2015). On the western side of the strait is the northward extension of 
the Anadyr Current (Stabeno et al., 2016) which flows along the Siberian 
coast and transports nutrient-rich Anadyr Water (Mordy et al., 2020). Flow 
from the central Bering Sea shelf forms the central branch of the through-
flow (Stabeno et al., 2018).

Anadyr water and central Bering shelf water mix to the north of Bering Strait and are often collectively re-
ferred to as Bering Summer Water (BSW, Table 1, Lin, Pichart, Moore, et al., 2019). BSW is typically slightly 
saltier than ACW since it is not influenced by freshwater inputs, and contains low O2, high CO2, and relatively 
high nutrient concentrations accumulated from remineralization of sinking particles on the Bering shelf (Cross 
et al., 2018; Grebmeier et al., 2015). North of Bering Strait, BSW flows poleward through Herald Canyon (Lin-
ders et al., 2017) and through the Central Channel between Herald and Hanna Shoals (Gong & Pickart, 2015). A 
portion of the central channel flow bifurcates to the east prior to approaching Hanna Shoal, while the remainder 

progresses northward and flows clockwise around the shoal (Lin, Pickart, 
McRaven et al., 2019; Lin, Pickart, Moore, et al., 2019; Pickart et al., 2016). 
These two branches converge southeast of the shoal and eventually join the 
ACC, which subsequently flows off the shelf through Barrow Canyon and 
contributes to the Beaufort Shelfbreak Jet and Chukchi Slope Current (Fig-
ure 1). Very fresh sea-ice meltwater (MW) and river water (RW) can also be 
found in the Chukchi Sea. The remaining two water masses are Pacific Win-
ter Water and Atlantic Water, rarely measured at the surface, which are not 
considered in this study. Following previous studies (e.g., Itoh et al., 2015; 
Lin, Pickart, McRaven et al., 2019; Lin, Pickart, Moore, et al., 2019; Pickart 
et al., 2016), the water masses are defined in Table 1. Note that the tempera-
ture and salinity boundaries are not precise.

Figure 1. Schematic circulation map with geographic place names. 
The shaded bathymetry is from 2-min Gridded Global Relief Data 
(ETOPO2, 2006).

Water mass Abbreviations Temperature (°C) Salinity

River water RW T > 8 S < 30

Meltwater MW T < 8 S < 30

Alaskan coastal water ACW T > 3 30 < S < 32

Bering summer water BSW T > 3 32 < S < 33.64

0 < T < 3 30 < S < 33.64

Table 1 
The Primary Water Masses in the Bering and Chukchi Seas in Summer
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3. Data and Methods
3.1. Underway Measurements

Underway measurements of sea surface temperature, salinity and fCO2 were compiled from SOCATv2020. 
SOCAT is a quality-controlled surface ocean fCO2 observational synthesis compiled by the international car-
bon research community. The accuracy of SOCAT fCO2 is better than 2  μatm. The sampling frequency is 
highly variable inside the SOCAT. Most of data collection (individual data points) ranges from 1 to 15 min, 
while some early data collection ranges from 1 to 3 hr depending on the platforms. Each succeeding version 
of SOCAT synthesis products contains new data and updates older datasets as necessary. At the time of this 
analysis, SOCATv2020 was the most up-to-date version available. More information about the SOCAT data 
product is available from Bakker et al., 2016. Note also that while the fCO2 records range from 1989 to 2019, 
the number of annual data points is about one order of magnitude higher in years after 2010 (Figure S1 in 
Supporting Information S1).

The fCO2 monthly data density in the study area is highly uneven, with most of the surface fCO2 collected 
during the summer open water season (Figure S1 in Supporting Information S1; see also Evans et al., 2015). 
Thus, in this study, we only focus on the warm season to best avoid sampling biases caused by uneven data 
coverage. Note that the timing of the seasonal cycle in the Bering and Chukchi Sea shelves do not neces-
sarily correspond. The spring bloom occurs earlier in the Bering Sea than in the Chukchi Sea, owing to 
earlier ice melt in the Bering Sea. Consequently, the summer arrives in the Bering Sea shelf earlier than 
the Chukchi Sea shelf. Here, we use summer to represent the calendar period from June to October unless 
otherwise stated.

We also add the most recent quality-controlled ocean fCO2 products collected by the saildrone unmanned sur-
face vehicles (USVs), with missions in 2017, 2018 and 2019. Briefly, the saildrone USV is a wind-powered 
autonomous surface vehicle with a 7 m hull, 5 m wing sail, and 2.5 m keel. The saildrone USVs adopts the same 
Autonomous Surface Vehicle CO2 system (ASVCO2) that has previously been packaged for moored autonomous 
CO2 systems (MAPCO2, Sutton et al., 2019). Sabine et al. (2020) confirmed that saildrone USVs can robustly 
collect air and seawater fCO2 data within ±2 μatm uncertainty based on comparison with NOAA Greenhouse 
Gas Marine Boundary Layer Reference, ship-board underway systems, and the MAPCO2 system. Here, In each 
of the three summers, two saildrone USVs were launched from Dutch Harbor, Alaska as part of the Distributed 
Biological Observatory-Northern Chukchi Integrated Study (DBO-NCIS) sponsored by NOAA's Arctic Research 
Program, with additional support from the NOAA Ocean Acidification Program and the NOAA Innovative Tech-
nology for Arctic Exploration Program. The temporal resolution of fCO2 measurements from saildrone USVs is 
hourly. To avoid sampling frequency bias between SOCAT and USVs, we averaged SOCAT fCO2 data into hourly 
means in this study.

3.2. Reanalysis Data

To calculate CO2 flux, we use the 10-m wind fields from the ERA5 reanalysis from the European Center for 
Medium-Range Weather Forecasts (ECMWF, https://www.ecmwf.int/). ERA5 is the most recent generation of 
ECMWF reanalysis with a temporal resolution of 1 hr and spatial resolution of 0.25°. Other wind products do not 
provide temporal resolution on the same scale as our fCO2 measurements.

To be consistent with the historical fCO2 data, the annual (12-month) mean sea surface temperature is computed 
using the ERA5 reanalysis from 1989–2019, which has the same spatial and temporal resolution as the wind 
products. The data source of the ERA5 sea surface temperature reanalysis includes the Hadley Centre Sea Ice and 
Sea Surface Temperature data set version 2 (HadISST2, Titchner & Rayner, 2014) prior to September 2007, and 
the Operational SST and Sea Ice Analysis (OSTIA, Donlon et al., 2012) after September 2007. HadISST2 assim-
ilates in-situ observations as well as two infrared radiometers: the Along Track Scanning Radiometer (ATSR) 
and the Advanced Very High Resolution Radiometer (AVHRR). OSTIA uses satellite sea surface temperature 
data provided by international agencies via the Group for High Resolution SST (GHRSST) Regional/Global Task 
Sharing (R/GTS) framework, and in-situ sea surface temperature data available over the Global Telecommuni-
cations System (GTS).

https://www.ecmwf.int/
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3.3. Satellite Ice Coverage

The satellite-based daily sea-ice concentration used in this analysis is the AVHRR product, obtained from the Na-
tional Climate Data Center (NODC) of the National Oceanic and Atmospheric Administration (https://psl.noaa.
gov/data/gridded/data.noaa.oisst.v2.highres.html). This product is a high-resolution blended analysis of daily ice 
concentration. It has a spatial grid resolution of 0.25° 𝐴𝐴 ×  0.25°. To be consistent, we used the data in the time 
period 1989 to 2019. While cloud cover can cause errors in sea-ice coverage estimates from AVHRR products, 
especially where low-level clouds and fog have similar temperature or albedo signatures as the surrounding ice, 
the AVHRR product has been developed using optimum interpolation (e.g., as developed by Reynolds et al., 2007 
for blended sea surface temperature analyses) to fill in gaps such as cloud-masked grid cells where low-lying 
clouds were identifiable. Accordingly, we expect the potential error resulting from cloud cover in the AVHRR 
product to be minimal.

3.4. Decomposition of Sea-Air CO2 Differences

ΔfCO2 (oceanic fCO2 – air fCO2) determines the direction of sea-air CO2 flux: that is, a positive ΔfCO2 value 
corresponds to CO2 source, while a negative value corresponds to CO2 sink. To explore the drivers of the sea-
air CO2 flux in the study regions, we follow a similar approach to that developed by Takahashi et al. (2002) and 
calculate the impact of changing sea surface temperature (T) and all other non-thermal processes (nonT) on the 
observed fCO2 ocean-atmosphere differences as follows:

� (Δ�CO2) = �CO2 − n�CO2 (1)

nonT(Δ�CO2) = n�CO2 − �CO2(atm) (2)

The quantity nfCO2 is the temperature-normalized fCO2 relative to the climatological mean sea surface tem-
perature (Figure S2 in Supporting Information  S1), nfCO2  =  fCO2  ×  exp (0.0423 [Tmean – Tobs]) (Takahashi 
et al., 2002), where Tobs is the in-situ temperature, and Tmean is the climatological annual mean calculated from 
the full ERA5 reanalysis from 1989–2019. Thus, Equation 1 is a measure of the temperature effect on the oceanic 
CO2 at a given time, relative to the climatological annual mean temperature. fCO2(atm) was calculated based on 
the monthly average air CO2 measured at Mauna Loa and SST and SSS when oceanic fCO2 was measured. Equa-
tion 2 represents the impact of all other processes unrelated to temperature, such as biological CO2 utilization or 
production, sea-air exchange of CO2, sea-ice melt, vertical/lateral transport of CO2 and alkalinity, and CaCO3 pro-
duction/dissolution (e.g., Bates et al., 2011; Cross, Mathis, Frey et al., 2014). Previous work has shown consist-
ently that the biological effect, that is, the balance of photosynthesis and respiration, is the most dominant process 
driving variability in non-thermal processes in this region (Bates et al., 2011; Cross, Mathis, Frey, et al., 2014; 
Takahashi et al., 2002), far outweighing the other mechanistic contributions.

Note that T(ΔfCO2) and nonT(ΔfCO2) in this study are different from the thermal and non-thermal fCO2 com-
ponents calculated as Equations 3 and 4 in Takahashi et al. (2002). The latter calculations are designed to study 
the seasonal variability of oceanic CO2. In theory, the sum of thermal and non-thermal fCO2 components from 
Takahashi et al. (2002) is equal to the seasonal variability at any given sampling time. Thus, the calculations from 
Takahashi et al. (2002) have a hidden assumption that the annual mean of fCO2 should be well represented. In 
high-latitude areas, under-sampling during winter prevents robust estimates of annual mean fCO2. Since we target 
the mechanisms that contribute to the seasonal sea-air flux, we chose to use the air fCO2 as the reference when 
calculating nonT(ΔfCO2) in this study (Cross, Mathis, Frey, et al., 2014). Accordingly, in our study the sum of 
T(ΔfCO2) and nonT(ΔfCO2) is equal to the ΔfCO2 at any given sampling time.

4. Spatial Distribution of ΔfCO2

4.1. Mean State

The summer ΔfCO2 is generally larger in the Bering Sea shelf (−85 ± 74 μatm) than in the Chukchi Sea shelf 
(−121 ± 76 μatm). In part, this is due to differences in the timing of the seasonal cycle: much of the spring 
bloom occurs prior to June in the Bering Sea vs. the Chukchi Sea, owing to earlier ice melt in the Bering Sea. 
Consequently, the Bering Sea shelf has often entered a period of slowing production or even nutrient limitation in 
summer while phytoplankton production is peaking in the Chukchi Sea. Overall, the mean surface ΔfCO2 in the 

https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
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Bering and Chukchi Sea shelves was −105 ± 77 μatm (mean ± standard deviation, ΔfCO2 < 0; cool colors, Fig-
ure 2a): the majority of the studied areas served as CO2 sinks. There were two notable regional exceptions: weak 
CO2 sources near the Yukon river plume and the coastal region northeast of Pt. Hope on the Chukchi shelf (see 
Figure 1 for place names). The temperature/salinity (T/S) diagram of the surface data clearly showed that these 
positive ΔfCO2 signals were found in RW (T > 8°C, and S < 30, Figure 2b). Overall, however, the RW ΔfCO2 
ranged from −100 µatm to 100 μatm, with the mean value close to a neutral state (Figure 2c).

Recall that spatial variations in T(ΔfCO2) indicate the impact of temperature change on fCO2 relative to the cli-
matological mean temperature, while nonT(ΔfCO2) indicates the combined influences of primary productivity, 
respiration, and possible sea-ice melt related water masses mixing on fCO2. Below, we will discuss the influence 
of temperature and non-temperature mechanisms on each of the four water masses given in this dataset. In all 

Figure 2. Water mass carbonate chemistry characteristics in the Bering and Chukchi Sea shelves, showing ΔfCO2 (top row: a, b, c); T(ΔfCO2) (middle row: d, e, f); and 
nonT(ΔfCO2) (bottom row: g, h, i) by geographical distribution (left column: a, d, g); T/S characteristics (middle column: b, e, h) and via violin plots (right column: c, 
f, i). Note that the width of the violin curve corresponds with the kernel density of the data. Water mass designations follow Table 1, such that RW, River Water; MW, 
Meltwater; ACW, Alaskan Coastal Water; and BSW, Bering Summer Water. In the T/S diagrams, the dashed line is the freezing line.
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cases, temperature weakly increased ΔfCO2 values above 0, influencing the surface water toward CO2 outgassing 
(Figure 2f); similarly, non-thermal mechanisms substantially decreased ΔfCO2 below 0, influencing surface wa-
ter toward CO2 uptake (Figure 2i). Nuance emerges from the differences between the balance of these two factors 
within each water mass.

RW had the warmest sea surface temperature during the sampling period (10.4 ± 1.3°C) relative to the climato-
logical mean temperature (1.7 ± 0.7°C), which led to the highest average T(ΔfCO2) value (120 ± 26 μatm, Fig-
ure 2f), and high RW fCO2 because T(ΔfCO2) tends to be sensitive to the fCO2 when the temperature anomaly is 
higher (Takahashi et al., 2002). The mean nonT(ΔfCO2) was −128 μatm in the RW, the weakest among all water 
masses (Figure 2i). While the majority of this nonT influence is related to the influence of primary production, 
river-related mechanisms can moderate production-driven CO2 drawdown. Local river runoff transports water 
with a naturally high content of fCO2 and organic matter (e.g., Cross et al., 2013), which can lead to local outgas-
sing. Also, the low ratio of total alkalinity to dissolved inorganic carbon (TA/DIC) in fresh water decreases the 
buffer capacity in the nearshore regions, which can lead to higher surface ocean fCO2. In summary, RW-impacted 
areas were either CO2 sources or CO2 sinks depending on the competing forces of changing temperature, respira-
tion of allochthonous organic carbon, primary productivity, and water chemistry changes.

In the summer season the MW temperature (3.0 ± 2.8°C) versus that of the climatological mean (−0.6 ± 0.7°C) 
did not substantially impact fCO2 differences: the T(ΔfCO2) only increases by 35 ± 27 μatm (Figures 2e and 2f). 
Nutrient-rich Pacific-origin waters pass through Bering Strait to support a brief but intense period of water-col-
umn primary production after the ice retreats. In our dataset, this process led MW to exhibit the strongest 
negative nonT(ΔfCO2). Meanwhile, the seasonal cycle of sea ice also plays a role in regulating the inorganic 
carbon system. Melting of sea ice during the summer period results in a strong halocline with surface waters 
well below atmospheric CO2 saturation, thus enhancing the uptake of atmospheric CO2 into the ocean (Cross 
et al., 2013; Rysgaard et al., 2009). Together, these non-thermal processes decreased the ΔfCO2 by an average of 
−198 ± 53 μatm (Figure 2i) in the dataset, which further confirms the importance of non-thermal CO2 removal 
in MW. With the weakest T(ΔfCO2) and strongest nonT(ΔfCO2) influences, the ΔfCO2 values in MW (average 
of −162 ± 68 μatm) were the most negative among all water masses (Figure 2c). Moreover, only 1% of the MW 
sampling points acted as a CO2 source; thus, we can attribute a persistent seasonal CO2 sink to this water mass.

The summertime average temperatures of ACW and BSW were 6.0 ± 2.0°C and 3.5 ± 2.3°C higher than their 
climatological means, respectively, reflecting an increase of 67 ± 26 μatm and 35 ± 23 μatm for their T(ΔfCO2) 
(Figure 2f). The majority of the nonT(ΔfCO2) values along the ACC were negative, suggesting a robust summer 
biological carbon removal. Interestingly, seasonal ΔfCO2 and nonT(ΔfCO2) were sporadically positive in the 
BSW (Figures 2a, 2b, 2g and 2h). These positive ΔfCO2 points were generally found in the northern Chirikov 
Basin and along the central channel flow in the southeastern Chukchi Sea (Lin, Pickart, Moore, et al., 2019). 
The energetic flow (>25 cm s−1, Woodgate et al., 2005) near Bering Strait induces strong lateral and vertical 
mixing, enhancing nutrient flux from bottom waters into the euphotic zone (Grebmeier et al., 2015). However, 
nutrient-enriched bottom water is also enriched in fCO2, and vertical mixing also brings some of this CO2 back to 
the surface (e.g., Creamean et al., 2019). In our dataset, the BSW water located in the Chirikov Basin and south-
ern Chukchi Shelf had the highest monthly fCO2 variability, ranging from 78 to 626 μatm (Figures 2b and 2c; 
discussed in more detail in Section 4.3.1).

4.2. Strong CO2 Sinks

Negative ΔfCO2 was present throughout most of the study area (Figure 2a). As such, here we constructed the 
geographical distribution of the large negative values (lower than the mean minus one standard deviation, i.e., 
<−182 μatm) to derive additional insights. Figure 2g indicates that all of the large negative values were associ-
ated with the nonT(ΔfCO2) component. Geographically, they were located mainly in two regions (Figure 3a): in 
the general vicinity of Bering Strait (between 62°N and 70°N) and the northeastern Chukchi shelf around Hanna 
Shoal (north of 70°N), denoted by the dashed boxes in Figure 3a. We note that there is a paucity of data on the 
Russian part of the shelf; in that region, there may have been large negative values in the western pathway, which 
carries high-nutrient and low-fCO2 Anadyr water (e.g., Creamean et al., 2019; Linders et al., 2017).

Plotting the large negative values in T/S space revealed that the northern cluster (near Hanna Shoal) largely 
fell within the category of MW (Figure 3b). This signal was present from July to September. Previous stud-
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ies have shown that net community production near Hanna Shoal can reach up to 1.5 g C m−2 d−1 (Mathis 
et al., 2009). Juranek et al. (2019) and Ouyang et al., (2021) also found that significant biological activity 
drives a strong carbon sink in this area based on ΔO2/Ar and ΔfCO2 observations. In this dataset, the north-
eastern Chukchi shelf was a strong CO2 sink during the open water season because of the high rates of pri-
mary production.

Most of the large negative ΔfCO2 in the southern cluster was composed of BSW and ACW (Figure 3c). As 
noted above, the former is a mixture of water emanating from the Gulf of Anadyr and the central Bering 
shelf, while the latter results from runoff along the coast of Alaska. The primary productivity in this region 
occurs almost exclusively in June and July, enhanced by seasonal warming and high nutrient inputs from 
the Anadyr Water which contribute to the negative surface ΔfCO2 value (Chen & Gao, 2007; Cross, Mathis, 
Frey, et  al., 2014; Cross, Mathis, Lomas, et  al., 2014). Additionally, a strong CO2 sink was also found in 
the southeastern Bering Sea, where active physical processes such as intensive tidal mixing and eddies may 
help bring nutrients into the euphotic zone and contribute to sporadic biological bloom activity (e.g., Kelley 
et al., 1971).

Figure 3. (a) Spatial distribution of large negative ΔfCO2 (blue dots) in the northern and southern regions. The gray dots in all panels denote the remaining data 
throughout the full domain. The orange and green dashed boxes mark the northern and southern regions, respectively, shown in the T/S plot on the right. (b) The T/S 
values associated with large negative ΔfCO2 north of 70°N (orange dots). (c) Same as (b) except for south of 70°N (green dots). In the T/S diagrams, the dashed line is 
the freezing line and water mass designations follow Table 1, such that RW, River Water; MW, Meltwater; ACW, Alaskan Coastal Water; and BSW, Bering Summer 
Water.
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4.3. CO2 Sources

The locations of all the positive ΔfCO2 values are shown in Figure 4a. South of Bering Strait, these were found 
along the Russian and Alaskan coasts, except for a Bering shelf water branch that bifurcates from the Alaskan 
coast toward the northwest and eventually mixes with Anadyr water (Sigler et al., 2017). North of the strait, posi-
tive ΔfCO2 waters were found along the central channel and coastal pathways toward Barrow Canyon. The signal 
along the northern Siberian coast may reflect the Siberian Coastal Current (Weingartner et al., 1999). Associated 
with these pathways, the CO2 sources were mainly provided by the ACW, BSW and RW (Figure 4d).

To address the dominant mechanism contributing to the CO2 sources (ΔfCO2 > 0), we categorized CO2 sourc-
es as either a non-thermally driven CO2 source or extreme thermally driven CO2 source. Figure 2 shows that 
nonT(ΔfCO2) in the study area was −164 ± 63 μatm (Figure 2i), which means that net biological removal was 
the dominant process across the studied area during the warm season. As such, the relatively small number of 
instances when nonT(ΔfCO2) is greater than T(ΔfCO2) can be thought of as scenarios driven by non-thermal 
processes. By contrast, the T(ΔfCO2) was 59 ± 34 μatm across the entire study area (Figure 2f). Hence, we chose 

Figure 4. Positive ΔfCO2 (green dots) by spatial distribution (a, b, c) and water mass (d, e, f). All positive values are highlighted at left (green dots, a, d); non-
thermally driven data are shown in the center column (red dots, b, e); and extreme thermally driven data are shown at the right (blue dots; c, f). The gray dots denote 
the remaining data throughout the full domain. In the T/S diagrams, the dashed line is the freezing line and water mass designations follow Table 1, such that RW, River 
Water; MW, Meltwater; ACW, Alaskan Coastal Water; and BSW, Bering Summer Water.
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T(ΔfCO2) > 93 μatm (mean value plus one standard deviation, which is higher than the nonT[ΔfCO2]) as the 
threshold for extreme cases of thermally driven CO2 sources.

4.3.1. Non-Thermally Driven CO2 Sources

Figure 4b shows that the CO2 sources driven by non-thermal processes, mainly biological respiration, were gen-
erally located between St. Lawrence Island (∼63°N) and Cape Lisburne (∼69°N). North of Bering Strait this 
signal was found along the central shelf pathway, where the large negative ΔfCO2 was present as well, although 
the latter was also found in the coastal pathway (compare Figures 4b and Figure 3a). BSW contributed most of 
the non-thermally driven CO2 sources, with the remainder found in ACW (Figure 4e).

Recall that the strong CO2 sink (non-thermally driven) also extends to the southern Chukchi Sea and northern 
Bering Sea, associated with ACW and BSW (Figures 3a and 3c). It is interesting to address the discrepancy be-
tween the non-thermally driven CO2 source and strong non-thermally driven CO2 sink. To do that with minimum 
sampling bias, we examined seasonality in the bins where all five summer months were collected at a resolution 
of 0.8° longitude × 0.4° latitude. There were in total 58 grids that fit our selection criteria south of 70°N. As Fig-
ure 5 shows, both ΔfCO2 and nonT (ΔfCO2) in later months was significantly higher than that in the early months, 
while T(ΔfCO2) was lowest in October. The seasonality of ΔfCO2 and nonT(ΔfCO2) confirmed that the strong 
non-thermally driven CO2 sink was more prevalent early in the season. In contrast, the non-thermally driven CO2 
source was the greatest in October, reflecting the seasonal variability in the biological pump. The abundance of 
nutrients advected by Anadyr water and the warming in early summer together enhance surface primary produc-
tivity and lead to a strong CO2 sink (Cross et al., 2018). The rate of phytoplankton production then decreases over 
time and ultimately the organic carbon produced sinks to the bottom, where bacterial respiration returns CO2 back 
to the water column late in the season (Cross, Thomas, Frey, et al., 2014; Cross et al., 2018).

Notably, during the period of non-thermally driven CO2 source (nonT[ΔfCO2] > T[ΔfCO2]) in the Bering and 
Chukchi Sea shelves (Figure 4b), the mean wind was strong out of the north (wind speed >5 m s−1, Figure 6a), 
which reduces the poleward flow (Woodgate et al., 2005). This decrease in velocity favors vertical organic carbon 
deposition and respiration. If the northerly wind lasts long enough, it can be conducive to wind-driven overturn-
ing, bringing respiration products to the surface (Creamean et al., 2019). In summary, the later season's positive 
ΔfCO2 values mainly resulted from the release of respiration products from the early season's productivity.

4.3.2. Extreme Thermally Driven CO2 Sources

Extreme thermally driven CO2 sources (T[ΔfCO2] > 93 μatm) were generally found along the pathway of the 
ACC, associated with very warm ACW and RW (Figures 4c and 4f). Mean winds when T(ΔfCO2) > 93 μatm were 
very weak over the northern Bering and Chukchi Sea shelves (wind speed <1 m s−1, Figure 6b). Accordingly, 
wind-driven mixing was negligible, allowing surface waters to heat more readily. This heat contributed to increas-
es in ΔfCO2 to the point of equilibration and outgassing, leading to the development of temperature-driven CO2 
sources (Figures 2e and 2f). It should also be noted that weak wind mixing limits the nutrient supply from depth 
necessary for rapid and intense primary production, meaning that there is little competition with temperature con-
trols on ΔfCO2. The signal of extreme thermal-driven CO2 sources, carried northward by the ACC, disappears at 

Figure 5. The distribution of (a) ΔfCO2, (b)T(ΔfCO2), (c) nonT(ΔfCO2) in the 58 bins where all five summer months have data collected at resolution of 0.8° 
longitude × 0.4° latitude south of 70°N (or the green box in Figure 3).
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the head of Barrow Canyon. Recall that the Central Channel pathways eventually merge with the coastal current 
in the vicinity of the canyon (Lin, Pickart, McRaven, et al., 2019; Lin, Pickart, Moore, et al., 2019). The strongly 
negative ΔfCO2 water stemming from the region of Hanna Shoal (Figure 3a) thus offset the positive ΔfCO2 in the 
coastal current where the different water masses join together and mix.

5. Long-Term Change of ΔfCO2

5.1. Sea-Air CO2 Difference Changes

The time series of surface ΔfCO2 considered here provides us with the opportunity to investigate long-term 
changes in carbon sinks and sources in these highly variable coastal regions, which in turn sheds light on the 
changing contributions of the processes affecting the ocean carbon chemistry. The fundamental question is: how 
is ongoing Arctic environmental change impacting the regional carbon cycle?

The first step in an analysis of this type is to investigate any change between two time bins. In unevenly distrib-
uted datasets like these, the cutoff between bins can impact the results (Fay & McKinley, 2013); accordingly, to 
determine the sensitivity of the choice of the year, we computed the ΔfCO2 difference with different dividing 
years (Figure S3 in Supporting Information S1). Even though the absolute values slightly differ with different 
start and end date selection, the main spatial patterns are the same. To facilitate the following discussion, we used 
the mean summer ΔfCO2 changes between post-2014 (2014–2019) and pre-2014 (1989–2013) as an example to 
show the long-term changes of ΔfCO2. Figure 7 shows the total magnitude of the ΔfCO2 change between the two 
time periods: ΔfCO2 in the northern Chukchi Sea increases in recent years compared to the early record (warm 
colors, Figure 7c); Meanwhile, ΔfCO2 mostly decreases north of St. Lawrence Island and in the southeast Bering 
Sea (cold colors, Figure 7c).

To detect a significant CO2 change, the external signal must equal or exceed twice the internal noise (Carter 
et al., 2019). The internal noise of fCO2 mainly consists of the measurement uncertainty (±2 μatm), short-term 

Figure 6. Mean wind speed (color) overlain by the 10 m wind vectors when (a) the non-thermally driven CO2 source 
(nonT[ΔfCO2] > T[ΔfCO2]) and (b) the extreme thermally driven CO2 source (T(ΔfCO2) > 93 μatm) occurs. The northerly 
wind favors offshore Ekman export and upwelling in nearshore areas, while the southerly wind favors the heat transport into 
the Chukchi Sea.
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(daily, seasonal), interannual and decadal natural variability. Given that we compared the mean state of sum-
mer-only data, the short-term variability has been averaged out and can be neglected. Therefore, the major con-
tributors of the internal noise in this study are the interannual and decadal natural variability, caused by the large-
scale climate patterns such as the Pacific Decadal Oscillation and El Nino/Southern Oscillation.

It is challenging to evaluate decadal and multidecadal natural variability in carbon system parameters fully, 
especially in areas with limited time series data such as the Alaskan shelf and Arctic Ocean. Based on 81 sets 
of measurements in 21 years, Carter et al. (2019) reported 27 μatm total natural variability calculated from a de-
seasonalized fCO2 dataset near Unimak Pass in the Alaskan Aleutian Islands. This site has the best temporal res-
olution of fCO2 data in all of coastal Alaska, owing to the high amount of vessel traffic through this pass. While 
this reference point is near the southern boundary of the data used in this study and ideally would not be applied 
across our entire, highly variable study area, it represents the closest metric we have to understanding decadal 
fluctuations. Further, the dataset we have assembled here does not have the temporal resolution of the Carter 
et al. (2019) study (although we do have the advantage of a much greater spatial resolution), and calculating such 
values from our dataset would introduce insurmountable sampling bias. Accordingly, we adopted the 27 μatm 
value from Carter et al.  (2019) to represent the envelope of natural variability across this study. Therefore, if 
the fCO2 difference between any two periods falls in the range of ±27 × 2 = ±54 μatm, the calculated temporal 
change only reflects the natural variability. Otherwise, the long-term change has emerged from the envelope of 
natural variability.

The sea-air CO2 flux equates to CO2 solubility × gas exchange coefficient × ΔfCO2 (Wanninkhof, 2014). Among 
the different elements, ΔfCO2 sets the direction of CO2 flux and potential of CO2 flux, while the gas exchange co-
efficient exponentially increases with the wind speed. ERA5 provides a robust wind product that has a good corre-
lation with the observations, and has been used in many previous studies (e.g., Lin et al., 2020; Tian et al., 2021).

To avoid the complexity caused by snapshots of highly variable wind speed, we first calculated the mean summer 
(June to October) wind speed in the periods of 1989–2013 (Figure S4a in Supporting Information S1) and 2014–
2019 (Figure S4b in Supporting Information S1). It reveals that the change of the mean wind speed in these two 
periods is minor on the Bering Sea shelf (0.98 m s−1 vs. 0.91 m s−1), as well as on the Chukchi Sea shelf (1.6 m s−1 
vs. 1.9 m s−1). Then, after multiplying by the mean sea-air CO2 differences in each period (Figures 7a and 7b), 
we determined the average sea-air CO2 flux in 1989–2013 and 2014–2019, and ultimately their flux changes. 
With the regional mean summer wind speed, SSS and SST, a fluctuation of ±54 μatm fCO2 would lead to the 
uncertainties of ±0.1 mmol C m−2 d−1 and ±0.3 mmol C m−2 d−1 sea-air CO2 flux on the Bering and Chukchi sea 
shelves, respectively. Similar to the fCO2 variability, any flux change between two periods less than ±0.1 mmol 

Figure 7. Gridded means surface ΔfCO2 at 0.8° (longitude) 𝐴𝐴 × 0.4° (latitude) in the periods of (a) 1989–2013, (b) 2014–2019, and (c) the difference between these two 
periods.
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C m−2 d−1 on the Bering Sea shelf, or ±0.3 mmol C m−2 d−1 in Chukchi Sea shelf is taken to reflect the natural 
variability. Figures 8a and 8b show the regional breakdown of changes in CO2 sources and sinks.

The carbon flux in 51% (n = 94) of the bins on the Bering Sea shelf did not significantly change, especially near 
the Yukon River plume. Hence, the CO2 flux change, that is, decreasing CO2 sink or source, near the Yukon River 
outflow mainly reflects the natural variability (it is possible that natural variability near the Yukon River plume 
may be greater than ±27 μatm). However, the CO2 sink in the remaining 36% of bins (n = 68), either in the re-
gions north of St. Lawrence Island or the south of 59°N got stronger between the two time periods. The large frac-
tion of “no change” and stronger carbon sink bins is consistent with the earlier study of Takahashi et al., (2009), 
who found the Bering Sea oceanic CO2 insignificantly decreased at rate of −1.2 ± 1.2 μatm yr−1 from 1974 to 
2004. Additionally, Takahashi et al. (2014) shows, using climatological data between 2000 and 2005, that Bering 
Sea surface oceanic CO2 decreased in August but increased in February, which further agrees with our conclusion 
that this fCO2 change mainly reflects natural variability rather than long term changes.

In contrast to the Bering Sea shelf, only 39% of bins (n = 59) show insignificant change in the Chukchi Sea, 
reflecting only natural variability. The CO2 sinks in only one bin in the Chukchi Sea shelf strengthened in recent 
years, while 61% (n = 92) weakened (Figure 8b), making the majority Chukchi Sea shelf a weaker carbon sink 
after 2014 (Figure 8a). These findings are different from an earlier report by Ouyang et al., (2020), who found a 
stable mean surface CO2 across the Chukchi Sea shelf based on sea-air CO2 difference only. We think differences 
in the data treatment can partially explain these different results, because averaging the entire Chukchi Sea CO2 
records in Ouyang et al. (2020) have smoothed out the spatial variability as we found in this study (Figure 7c).

The above results (Sections 4.1 and 4.2) have shown that the spring bloom occurs earlier in the Bering Sea than 
in the Chukchi Sea. It is interesting to see a weakening Chukchi Sea shelf sink during peak production times, but 
a strengthening Bering Sea shelf sink outside of the typical primary production season. What might be the cause 
of these counterintuitive, opposing trends?

5.2. Mechanisms Driving Long-Term Changes in Sea-Air CO2 Differences

To shed further light on the underlying mechanisms controlling this long-term variability, we again use a tem-
perature normalization analysis to distinguish non-thermally driven long-term changes from thermally driven 
long-term changes (Figure S5 in Supporting Information S1). The non-thermally driven change is assigned when 
changes in the absolute nonT(ΔfCO2) changes between post-2014 and prior-2014 are higher than that of T(Δf-
CO2). Otherwise, it will be attributed to thermally driven change. The long-term changes of sea-air CO2 differ-
ences over the vast majority of the study areas were due to non-thermal, or biological processes (Figure 9a). 
However, there was a signature of thermally driven changes along the coastal pathway in the northern Bering Sea 

Figure 8. Statistical changes in CO2 sinks and sources between pre-2014 and post-2014 in the Bering and Chukchi Sea shelves, by (a) Spatial distribution and (b) the 
n and percentage of data falling within each category. The bin size in (a) is the same as that in Figure 7c. Note, the natural variability of sea-air CO2 flux change on the 
Bering and Chukchi Sea shelves was ±0.1 mmol C m−2 d−1 and 0.3 mmol C m−2 d−1. The flux uncertainty was calculated based on SSS = 31.3, SST = 8.2°C, wind 
speed = 0.9 m s−1, and SSS = 30.2, 𝐴𝐴  SST = 4.4°C, wind speed = 1.7 m s−1 in the Bering and Chukchi Sea shelves, respectively.
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and Chukchi Sea shelves (Figure 9b). The same was true of the region on the Chukchi shelf south of Hanna Shoal 
and in the middle part of the Bering Sea shelf.

Over the time period in question, a notable decline in sea-ice concentration occurred (e.g., Duffy-Anderson 
et al., 2019; Frey et al., 2015), where ice losses in the Chukchi Sea have outpaced much of the Arctic (Arthun 
et al., 2021). The associated shifts in heat and salt fluxes have been so large they have changed the hydrographic 
structure in the interior basin (e.g., Timmermans et al., 2018). Figure 10 shows that, compared to the earlier 
period, the duration of ice cover significantly decreased in the recent six years on the northeastern Chukchi shelf 

Figure 9. Locations where the long-term change in ΔfCO2 from 1989–2013 to 2014–2019 was dominated by (a) non-thermal 
and (b) thermal processes.

Figure 10. Mean annual duration of ice cover in the periods of (a) 1989–2013, (b) 2014–2019, and (c) the difference between the two periods.
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and on the Bering shelf in the vicinity of Siberia. This is consistent with Danielson et al. (2020) who reported 
unprecedented low winter and spring sea-ice cover from 2014–2018 in the northern Bering and Chukchi Seas. 
As we have demonstrated earlier with our dataset (see Figure 4 and accompanying text), sea ice melt caused the 
surface mixed layer to shallow and warm more quickly, while phytoplankton productivity slowed due to nutrient 
limitation. Is this the same mechanism driving the long-term temporal ΔfCO2 variability seen here?

Based on the known relationship between temperature and oceanic fCO2 (Takahashi et al., 2002), we can compute 
the average oceanic fCO2 changes caused by direct warming over time on the northern Chukchi shelf (70–74°N). 
The recent warming from an average temperature of 1.9°C–5.4°C between 1989–2013 and 2014–2019 on the 
Chukchi Sea shelf (Figure S6 in Supporting Information S1) can increase the mean surface fCO2 from 234 µatm 
to 272 μatm (234 𝐴𝐴 ×  exp [0.0423 𝐴𝐴 ×  3.5]). This predicted value is only 2 μatm higher than the mean observed fCO2 
value (270 μatm) during 2014–2019. Therefore, the warming associated with the intensified sea-ice loss can 
explain the majority ΔfCO2 increase in the northern Chukchi Sea.

The minor impact of non-thermal processes in Chukchi Sea may reflect the high interannual variability of pri-
mary productivity, meaning that external change of primary productivity has not emerged from background 
internal variability. A recent study by Woodgate and Peralta-Ferriz (2021) reported that the Pacific flow across 
the Bering Strait has warmed and freshened from 1990–2019, especially after the year 2014. They hypothesized 
that the dramatic property change may impact the nutrient ventilation in the Chukchi Sea. This has been borne 
out in other studies: Stabeno et al. (2019) pointed out that a decrease in nutrient content near M8 mooring site in 
the northern Bering Sea was associated with freshening of Pacific Winter Water. Mordy et al. (2020) showed that 
the pre-bloom nutrient concentrations in the Chukchi Sea directly correspond to the fall nutrient concentrations 
at M8 mooring (62.194°N, 174.688°W, northern Bering Sea), and that the dissolved inorganic nitrogen concen-
tration in M8 bottom water declined by ∼37% between 2005 to 2016 (Mordy et al., 2020). This nutrient decrease 
may reflect a summer nutrient limitation in the Chukchi Sea. Meanwhile, Lewis et al.,  (2020) suggested that 
increased Pacific Summer Water brings more nutrients onto the Chukchi shelf, which supports a higher primary 
production. They also found a significant increase in primary productivity on the Chukchi Sea over time. These 
“contradicted” studies actually reveal the highly variable dynamic of primary productivity. Even though the long-
term changes of primary productivity are still unclear in the Chukchi Sea because of high year-to-year variability, 
the dominant role of thermal processes in long-term changes in northern Chukchi Sea CO2 sink offers a potential 
glimpse of the broader CO2 sink changes under future warming projections.

Of additional interest is the rate of average summer fCO2 increase over time in northern Chukchi Sea surface 
waters (70°N–74°N). We use the average increase from 234 µatm to 272 μatm to estimate the long-term changes. 
Using the middle sample year in each period (2008 and 2018, respectively), this gives an annual rate of 38 μatm 
fCO2/10 years, or 3.8 μatm fCO2 yr−1. Even though this average rate is higher than that in the open ocean regions 
(1.5–2 μatm yr−1) (Sutton et al., 2019; Takahashi et al., 2009), the trend uncertainty (±9.7 μatm) caused by the 
spatial variability prevents us from comparing with the rates robustly in the open ocean. Others have found that 
the volume of undersaturated, acidified water in the Pacific halocline downstream from the Chukchi shelf is 
growing over time (Qi et al., 2017). If surface ocean fCO2 continues to increase over time, this could mark the 
Chukchi Sea as a seasonal ocean acidification hotspot.

On the Bering Sea shelf, the mean fCO2 prior to 2014 was 328 μatm. Using the same temperature normalization 
technique, we found that the warming on the Bering Sea shelf would increase this value to 349 μatm fCO2, based 
on the increase in sea surface temperature from 7.5°C to 9.0°C between the two periods. However, the observed 
mean fCO2 in the latter period was 303 μatm, which translates to an annual decrease in CO2 of −1.6 μatm yr−1 
over a 10-year period. Unlike in the Chukchi Sea shelf, we speculate that enhanced primary productivity on 
the Bering Sea shelf can overcome the impact of warming, even though warming and increased meltwater can 
increase the stratification and reduce the nutrient flux from depth. The weakened CO2 source near the Yukon 
River outflow also shows this area becomes less heterotrophic over time, also overbalanced by strong autotrophic 
processes.

The year-to-year variation of biological activity on the Bering Sea shelf makes the estimation of long-term 
changes of primary productivity difficult based on direct observation. Some studies indicate that primary pro-
duction would have to change by 60% before a long-term trend could be detected (Lomas et al., 2012; Mordy 
et  al.,  2012). In part, this large inter-annual variability is linked to oscillating climatic states: integrated net 
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primary productivity increased from colder periods (e.g., 2007–2012) to warmer periods (e.g., 2014–2018) be-
cause of almost twice as high growth rates in the warm years (Lomas et al., 2020). Particulate organic carbon 
fluxes in Bering shelf waters were in the range 0.8–2.3 g C m−2 d−1 in 2018, which also confirms the extraordi-
nary strength of the biological carbon pump during warm years (O’Daly et al., 2020). Consequently, it would be 
difficult to identify a multi-decadal trend in primary productivity in the Bering Sea. The CO2 sink may continue 
to increase on the northern Bering shelf because nutrients are unlikely to become limited there, due to the con-
sistent influx of nutrient-rich Anadyr Water via the Anadyr Current (O’Daly et al., 2020). Assuming the lateral 
export is stable over time, we could expect that bottom water in the Bering Sea may experience a much higher 
absorption of anthropogenic CO2 – and consequently more intense acidification events–because more freshly 
produced organic carbon may sink and get respired in bottom waters, leading to the intermittently reported bot-
tom calcium carbonate undersaturation states and a bottom water ocean acidification hotpot (Cross et al., 2013; 
Mathis et al., 2011a, b, 2014). However, the sparsity of water column data limits our ability to quantify the car-
bonate system in deep water. Future study needs to fill this data gap, for example, using moored water samplers 
at depth (e.g., Mathis et al., 2014).

It is important to note that the long-term ΔfCO2 variation documented here is not analogous to the anthropogenic 
CO2 trend. First, our analysis is based on a single season of data, not data collected across the entire year. As 
technology advances and scientists collect more data during different seasons, it will be helpful to understand the 
annual ΔfCO2 changes. Second, the observed CO2 includes the impacts of all short-lived thermal and non-thermal 
processes, but may not fully represent the average seasonal conditions because extreme events can heavily modify 
the observed values. This phenomenon may not be uncommon since fCO2 data were only collected sporadically 
before 2017 in these vast, dynamic systems. Third, the CO2 spatial and temporal changes reported in this study 
could be biased by the increased sampling in the month of August versus the other summer months in deriving 
the long-term averages (Figure S1 in Supporting Information S1). Therefore, we need to be cautious in interpret-
ing the long-term variability. That said, the time series to date can still provide a glimpse of the summer oceanic 
CO2 changes under global warming. In the coming decades, autonomous research vehicles, float sensors, and 
profiling floats will tremendously enrich the data coverage, which has strong potential to reduce the uncertainty 
of long-term changes.

5.3. Open Questions Related to Sea Surface Salinity Changes

Accompanying the rapid sea-ice loss in the northern Chukchi Sea, the sea surface salinity increased 3–4 from 
pre-2014 to post-2014 (Figure S6 in Supporting Information S1), which is counterintuitive in light of the overall 
Arctic Ocean freshening (Brown et al., 2020; Woosley & Millero, 2020). However, this positive salinity anomaly 
is also reported by Danielson et al. (2020) based on an independent hydrographic dataset from the 1920s–2010s. 
Therefore, the positive salinity anomaly is emerging as a new phenomenon in recent years, and could have impli-
cations for the carbon system.

There are a few processes that can contribute to salinity changes. First, sea-ice does not melt with spatial consist-
ency in the Chukchi Sea. The thinner ice pack in recent years can easily be broken-up and exported off the Chuk-
chi shelf by a combination of the wind and currents before melting remotely. Because current- and wind-driven 
export of the ice pack can cause melt signals to move spatially, a freshwater deficit could be caused by local 
formation but non-local melt of Chukchi sea ice (Danielson et al., 2020).

Second, the August northerly wind speed intensified over the Chukchi and northern Bering Sea shelves in recent 
years compared to the start of the dataset (Figure 11). Strong winds in any direction could deepen the mixed lay-
er, causing a typical summer melt signal to be diluted over a larger volume, and thereby increasing salinity over 
time. However, a strong northerly wind results in enhanced offshore Ekman export that could overturn underlying 
high salinity and fCO2 BSW or Winter Water to the surface layer. Past studies show that sustained high winds 
(>10 m s−1) can induce vertical mixing that provides nutrients for phytoplankton productivity and ephemeral, 
wind-driven CO2 effluxes above (e.g., Crawford et al., 2020; Creamean et al., 2019). Accordingly, the disturbed 
or uplifted pycnocline can lead to positive salinity anomalies in the newly ice-free waters. This could also help 
explain the faster-than-average growth in surface seawater fCO2 in the Chukchi Sea over time. The precise rea-
sons for the positive salinity anomaly are beyond the scope of this study; future study is required to unravel the 
mechanisms and their implications for the changing carbon cycle in the Chukchi Sea.
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6. Summary
Our synthesis of summertime surface underway CO2 measurements from 1989 to 2019 has provided a unique 
opportunity to study the spatial and temporal variability of the sea-air CO2 differences (oceanic fCO2 minus at-
mospheric fCO2, ΔfCO2) on the Bering and Chukchi Sea shelves. It was demonstrated that primary productivity 
is the dominant mechanism maintaining the strong summer CO2 sink in the region. In early summer, Bering 
Summer Water provides the nutrients to sustain the high net primary productivity in the northern Bering Sea, 
and on the Chukchi shelf within the central channel flow and near Hanna Shoal. However, later in the season, 
northerly winds induced strong upwelling and vertical mixing near Bering Strait and in the central channel flow. 
This releases the early season's respiration products back to the surface, resulting in CO2 outgassing. Moreover, 
rapid seasonal warming, and respiration of labile organic carbon in river runoff, make the nearshore areas a weak 
seasonal carbon source.

The long-term response of the seasonal carbon cycle to climate change on the Bering and Chukchi Sea shelves 
was also investigated. Our data synthesis shows that global warming, sea-ice loss, and biological activity all syn-
ergistically impacted the summertime carbon cycle between the pre-2014 and post-2014 periods. On the Chukchi 
Sea shelf, rapid warming following sea ice melt led to a moderately high growth rate in summer surface ocean 
CO2 over time. By contrast, enhanced primary productivity on the Bering Sea shelf augmented the carbon sink 
and slowed the growth of summer surface ocean CO2 over time. While more data will be necessary to explore 
year-round expressions of the carbon cycle, including rates of ocean acidification, overall this dataset has illus-
trated heterogeneous feedbacks to climate change in sub-Arctic seas and offers a snapshot of the broader carbon 
cycle changes under future warming and low-ice projections.

Data Availability Statement
The SOCAT data can be downloaded from https://www.socat.info/index.php/data-access/. The CO2 collected by 
saildrone unmanned surface vehicles in summer of 2017, 2018 and 2019 are publicly available through NOAA's 
National Centers for Environmental Information NCEI (with DOIs: https://doi.org/10.25921/w59k-4b77, https://
doi.org/10.25921/gkr5-cb26, https://doi.org/10.25921/kaj6-vc23, https://doi.org/10.25921/wkrh-a319, https://
doi.org/10.25921/fdbj-6k06, https://doi.org/10.25921/tpv6-sk21).

Figure 11. Mean August wind speed (color) overlain by the 10 m-wind vectors in the periods of (a) 1989–2013, and (b) 2014–2019. (c) The difference between the two 
periods.
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