Seasonal and interannual variability of oceanic carbon dioxide species at the U.S. JGOFS Bermuda Atlantic Time-series Study (BATS) site

Abstract
Thee seasonal and interannual dynamics of the oceanic carbon cycle and the strength of air-sea exchange of carbon dioxide are poorly known in the North Atlantic subtropical gyre. Between October 1988 and December 1993, a time series of oceanic measurements of total carbon dioxide (TCO2), alkalinity (TA) and calculated pCO2 was obtained at the Bermuda Atlantic Time series Study (BATS) site (31°5O’N, 64°lO’W) in the Sargasso Sea. These measurements constitute the most extensive set of CO2 species data collected in the oligotrophic North Atlantic. Seasonal changes in surface and water-column CO2 species were ~40-50 µmol kg-1 in TCO2, ~20 µmol kg-1 in TA, and -90-100 µatm in calculated pCO2. These large changes were driven principally by deep convective winter mixing, temperature forcing and biological activity. TA was well correlated with salinity (with the exception of a 15-25 µmol kg-1 drawdown of TA on one cruise resulting from open-ocean calcification). TCO2 and pCO2 were well correlated with seasonal temperature changes (8-9°C). Other underlying processes, such as biological production, advection, gas exchange of CO2 and vertical entrainment, were important modulators of the carbon cycle, and their importance

varied seasonally. Each spring-to-summer, despite the absence of measurable nutrients in the euphotic zone, a 35-40 µmol kg-1 decrease in TCO2 was attributed primarily to the biological uptake of TCO2 (evaporation/precipitation balance, gas exchange, and advection were also important). An increase in TCO2 during the fall months was associated primarily with entrainment of higher TCO2 subsurface waters. These seasonal patterns require a reassessment of the modelling of the carbon cycle using nutrient tracers and Redfield stoichiometries. Overall, the region is a weak sink (0.22-0.83 mol C m-2 year-1) for atmospheric CO2. Upper ocean TCO2 levels increased between 1988 and 1993, at a rate of ~1.7 µmol kg-1 year-1. This increase appears to be in response to the uptake of atmospheric CO2 through gas exchange or natural variability of the subtropical gyre. © 1996 Published by Elsevier Science Ltd.
Interannual variability of oceanic CO2 and biogeochemical

properties in the Western North Atlantic subtropical gyre

Abstract
Understanding the relationship between Earth's climate and the oceanic carbon cycle requires an understanding of the time-variations of CO2 in the ocean, it's exchange with the atmosphere, and the rate of uptake of anthropogenic CO2 by the ocean. Since 1988, hydrographic and biogeochemical data have been collected at the Bermuda Atlantic Time-Series Study (BATS) site in the Sargasso Sea, located in the North Atlantic subtropical gyre. With over a decade of oceanographic data, interannual trends of CO2 species and air-sea exchange of CO2 at BATS can be examined. Between 1988 and 1998, surface seawater total carbon dioxide (TCO2) and salinity normalized TCO2 (nTCO2) increased at a rate of 2.2 +6.9 and 1.6 +5.8 µmol kg-1yr-1, respectively. During the same period, the partial pressure of CO2 (pCO2) of seawater increased at a rate of 1.4 +10.7 µatm yr-1, similar to the rate of increase in atmospheric pCO2 (~1.3 µatm yr-1). The increase in seawater TCO2 and pCO2 can be attributed to a combination of uptake of anthropogenic CO2 from the atmosphere and interannual changes in hydrographic properties of the subtropical gyre. Underlying interannual trends were examined by determining how hydrographic and biogeochemical anomalies, or deviations from the mean state, vary over time. Significant correlations existed between anomalies of temperature, salinity, integrated primary production, mixed-layer depth, TCO2 salinity normalized TCO2 (nTCO2), and alkalinity. For example, cold temperature anomalies (up to 0.53°C) in 1992 and 1995 were associated with increased mixed-layer depth, higher rates of integrated primary production (< ~100 mg C m-2 d-1), and higher concentrations of nTCO2 (<5 µmol kg-1). The interannual anomalies of hydrography and ocean biogeochemistry were partially linked to large-scale climate variability such as North Atlantic Oscillation (NAO) and El Nin!o Southern Oscillation (ENSO). Temperature, mixed-layer depth, primary production and TCO2 anomalies were correlated with NAO variability, with cold anomalies at BATS generally coinciding with NAO negative states. Salinity, alkalinity and nTCO2
anomalies were correlated with the Southern oscillation index (SOI), lagging ENSO events by 6-12 months. © 2001 Published by Elsevier Science Ltd.
An increasing CO2 sink in the Arctic Ocean due to sea-ice loss

Abstract
The Arctic Ocean and adjacent continental shelf seas such as the Chukchi and Beaufort Seas are particularly sensitive to long-term change and low-frequency modes of atmosphere-ocean-sea-ice forcing. The cold, low salinity surface waters of the Canada Basin of the Arctic Ocean are undersaturated with respect to CO2 in the atmosphere and the region has the potential to take up atmospheric CO2, although presently suppressed by sea-ice cover. Undersaturated seawater CO2 conditions of the Arctic Ocean are maintained by export of water with low dissolved inorganic carbon content and modified by intense seasonal shelf primary production. Sea-ice extent and volume in the Arctic Ocean has decreased over the last few decades, and we estimate that the Arctic Ocean sink for CO2 has tripled over the last 3 decades (24 Tg yr-1 to 66 Tg yr-1) due to sea-ice retreat with future sea-ice melting enhancing air-to-sea CO2 flux by ~28% per decade. © 2006 American Geophysical Union.
The Arctic Ocean marine carbon cycle: evaluation of air-sea CO2 exchanges, ocean acidification impacts and potential feedbacks

Abstract
At present, although seasonal sea-ice cover mitigates atmosphere-ocean gas exchange, the Arctic Ocean takes up carbon dioxide (CO2) on the order of −66 to

−199 Tg C year−1 (1012 g C), contributing 5–14% to the global balance of CO2 sinks and sources. Because of this, the Arctic Ocean has an important influence on the global carbon cycle, with the marine carbon cycle and atmosphere-ocean

CO2 exchanges sensitive to Arctic Ocean and global climate change feedbacks. In the near-term, further sea-ice loss and increases in phytoplankton growth rates are expected to increase the uptake of CO2 by Arctic Ocean surface waters, although

mitigated somewhat by surface warming in the Arctic. Thus, the capacity of the Arctic Ocean to uptake CO2 is expected to alter in response to environmental changes driven largely by climate. These changes are likely to continue to modify the physics, biogeochemistry, and ecology of the Arctic Ocean in ways that are not yet fully understood. In surface waters, sea-ice melt, river runoff, cooling and uptake of CO2 through air-sea gas exchange combine to decrease the calcium carbonate (CaCO3) mineral saturation states () of seawater while seasonal phytoplankton primary production (PP) mitigates this effect. Biological amplification of ocean acidification effects in subsurface waters, due to the remineralization

of organic matter, is likely to reduce the ability of many species to produce CaCO3 shells or tests with profound implications for Arctic marine ecosystems. 2009. Copernicus Publications.
Feedbacks and responses of coral calcification on the Bermuda reef system to seasonal changes in biological processes and ocean acidification

Abstract
Despite the potential impact of ocean acidification on ecosystems such as coral reefs, surprisingly, there is very limited field data on the relationships between calcification and seawater carbonate chemistry. In this study, contemporaneous

in situ datasets of seawater carbonate chemistry and calcification rates from the high-latitude coral reef of Bermuda over annual timescales provide a framework for

investigating the present and future potential impact of rising carbon dioxide (CO2) levels and ocean acidification on coral reef ecosystems in their natural environment. A strong correlation was found between the in situ rates of calcification for the major framework building coral species Diploria labyrinthiformis and the seasonal variability of [CO32−] and aragonite saturation state aragonite, rather than other environmental factors such as light and temperature. These field observations provide sufficient data to hypothesize that there is a seasonal “Carbonate Chemistry Coral Reef Ecosystem Feedback” (CREF hypothesis) between the primary components of the reef ecosystem (i.e., scleractinian hard corals and

macroalgae) and seawater carbonate chemistry. In early summer, strong net autotrophy from benthic components of the reef system enhance [CO32−] and aragonite conditions, and rates of coral calcification due to the photosynthetic uptake

of CO2. In late summer, rates of coral calcification are suppressed by release of CO2 from reef metabolism during a period of strong net heterotrophy. It is likely that this seasonal CREF mechanism is present in other tropical reefs although

attenuated compared to high-latitude reefs such as Bermuda. Due to lower annual mean surface seawater [CO32−] and aragonite in Bermuda compared to tropical regions, we anticipate that Bermuda corals will experience seasonal periods of

zero net calcification within the next decade at [CO32−] and aragonite thresholds of ∼ 184 μmoles kg−1 and 2.65. However, net autotrophy of the reef during winter and spring (as part of the CREF hypothesis) may delay the onset of zero

NEC or decalcification going forward by enhancing [CO32−] and aragonite. The Bermuda coral reef is one of the first responders to the negative impacts of ocean acidification, and we estimate that calcification rates for D. labyrinthiformis have declined by > 50% compared to pre-industrial times. 2010. Copernicus Publications.
Multi-decadal uptake of carbon dioxide into subtropical mode water of the North Atlantic Ocean

Abstract
Natural climate variability impacts the multidecadal uptake of anthropogenic carbon dioxide (Cant) into the North Atlantic Ocean subpolar and subtropical gyres.

Previous studies have shown that there is significant uptake of CO2 into subtropical mode water (STMW) of the North Atlantic. STMW forms south of the Gulf Stream in winter and constitutes the dominant upper-ocean water mass in the subtropical gyre of the North Atlantic Ocean. Observations at the Bermuda Atlantic Time-series Study (BATS) site near Bermuda show an increase in dissolved inorganic

carbon (DIC) of +1.51 ±0.08 μmol kg−1 yr−1 between 1988 and 2011, but also an increase in ocean acidification indicators such as pH at rates (−0.0022 ±0.0002 yr−1) higher than the surface ocean (Bates et al., 2012). It is estimated that the sink of CO2 into STMW was 0.985 ±0.018 PgC (Pg =1015 g C) between 1988 and 2011 (70 ±1.8% of which is due to uptake of Cant). The sink of CO2 into the STMW is 20% of the CO2 uptake in the North Atlantic Ocean between 14°– 50°N (Takahashi et al., 2009). However, the STMW sink of CO2 was strongly coupled to the North Atlantic Oscillation (NAO), with large uptake of CO2 into STMW during the 1990s during a predominantly NAO positive phase. In contrast, uptake of CO2 into STMW was much reduced in the 2000s during the NAO neutral/negative phase. Thus, NAO induced variability of the STMW CO2 sink is important

when evaluating multi-decadal changes in North Atlantic Ocean CO2 sinks. 2012. Copernicus Publications.
Detecting anthropogenic carbon dioxide uptake and ocean

acidification in the North Atlantic Ocean

Abstract
Fossil fuel use, cement manufacture and land-use changes are the primary sources of anthropogenic carbon dioxide (CO2) to the atmosphere, with the ocean absorbing approximately 30% (Sabine et al., 2004). Ocean uptake and chemical equilibration of anthropogenic CO2 with seawater results in a gradual reduction in seawater pH and saturation states ( for calcium carbonate (CaCO3) minerals in

a process termed ocean acidification. Assessing the present and future impact of ocean acidification on marine ecosystems requires detection of the multi-decadal rate of change across ocean basins and at ocean time-series sites. Here, we show the longest continuous record of ocean CO2 changes and ocean acidification in the North Atlantic subtropical gyre near Bermuda from 1983–2011. Dissolved inorganic carbon (DIC) and partial pressure of CO2 (pCO2) increased in surface

seawater by ~40 μmol kg−1 and ~50 μatm (~20 %), respectively. Increasing Revelle factor () values imply that the capacity of North Atlantic surface waters to absorb CO2 has also diminished. As indicators of ocean acidification, seawater pH decreased by _0.05 (0.0017 yr−1) and  values by ~7–8 %. Such data provide critically needed multi-decadal information for assessing the North Atlantic Ocean CO2 sink and the pH changes that determine marine ecosystem responses

to ocean acidification. 2012. Copernicus Publications.
Summertime calcium carbonate undersaturation in shelf waters of the western Arctic Ocean – how biological processes exacerbate the impact of ocean acidification

Abstract
The Arctic Ocean accounts for only 4% of the global ocean area, but it contributes significantly to the global carbon cycle. Recent observations of seawater CO2 carbonate chemistry in shelf waters of the western Arctic Ocean, primarily in the Chukchi Sea, from 2009 to 2011 indicate that bottom waters are seasonally undersaturated with respect to calcium carbonate (CaCO3) minerals, particularly

aragonite. Nearly 40% of sampled bottom waters on the shelf have saturation states less than one for aragonite (i.e., aragonite <1.0), thereby exposing the benthos to potentially corrosive water for CaCO3-secreting organisms, while 80% of bottom waters present had aragonite values less than 1.5. Our observations indicate seasonal reduction of saturation states () for calcite (calcite) and aragonite (aragonite) in the subsurface in the western Arctic by as much as 0.8

and 0.5, respectively. Such data indicate that bottom waters of the western Arctic shelves were already potentially corrosive for biogenic and sedimentary CaCO3 for several months each year. Seasonal changes in  are imparted by a variety of factors such as phytoplankton photosynthesis, respiration/remineralization of organic matter and air–sea gas exchange of CO2. Combined, these processes either increase or enhance in surface and subsurface waters, respectively. These seasonal physical and biological processes also act to mitigate or enhance the impact of Anthropocene ocean acidification (OA) on  in surface and subsurface waters, respectively. Future monitoring of the western Arctic shelves is warranted to assess the present and future impact of ocean acidification and seasonal physico-biogeochemical processes on  values and Arctic marine ecosystems. 2013. Copernicus Publications.
A Time-Series View of Changing Surface Ocean Chemistry Due to Ocean Uptake of Anthropogenic CO2 and Ocean Acidification

Abstract
Sustained observations provide critically needed data and understanding not only

about ocean warming and water cycle reorganization (e.g., salinity changes), ocean eutrophication, and ocean deoxygenation, but also about changes in ocean chemistry. As an example of changes in the global ocean carbon cycle, consistent changes in surface seawater CO2-carbonate chemistry are documented by seven independent CO2 time series that provide sustained ocean observations collected

for periods from 15 to 30 years: (1) Iceland Sea, (2) Irminger Sea, (3) Bermuda Atlantic Time-series Study (BATS), (4) European Station for Time series in the Ocean at the Canary Islands (ESTOC), (5) CArbon Retention In A Colored Ocean sites in the North Atlantic (CARIACO), (6) Hawaii Ocean Time-series (HOT), and (7) Munida in the Pacific Ocean. These ocean time-series sites exhibit very consistent changes in surface ocean chemistry that reflect the impact of uptake of anthropogenic CO2 and ocean acidification. The article discusses the long-term changes in dissolved inorganic carbon (DIC), salinity-normalized DIC, and surface seawater pCO2 (partial pressure of CO2) due to the uptake of anthropogenic CO2and its impact on the ocean’s buffering capacity. In addition, we evaluate changes in seawater chemistry that are due to ocean acidification and its impact on pH and saturation states for biogenic calcium carbonate minerals. 2014. Oceanography Magazine
Sea-ice melt CO2-carbonate chemistry in the western Arctic Ocean: meltwater contributions to air-sea CO2 gas exchange, mixed layer properties and rates of net community production under sea ice
Abstract
The carbon dioxide (CO2)-carbonate chemistry of sea-ice melt and co-located, contemporaneous seawater has rarely been studied in sea ice covered oceans. Here, we describe the CO2-carbonate chemistry of sea-ice melt (both above sea ice as “melt ponds” and below sea ice as “interface waters”) and mixed layer properties in the western Arctic Ocean in the early summer of 2010 and 2011. At nineteen stations, the salinity (~0.5 to < 6.5), dissolved inorganic carbon (DIC; ~20 to < 550 μmol kg−1) and total alkalinity (TA; ~30 to < 500 μmol kg−1) of above-ice melt pond water was low compared to water in the underlying mixed layer. The partial pressure of CO2 (pCO2) in these melt ponds was highly variable (_< 10 to > 1500 μatm) with the majority of melt ponds acting as potentially strong sources of CO2 to the atmosphere. The pH of melt pond waters was also highly variable ranging from mildly acidic (6.1 to 7) to slightly more alkaline than underlying seawater (8 to 10.7). All of observed melt ponds had very low (< 0.1) saturation states () for calcium carbonate (CaCO3) minerals such as aragonite (aragonite). Our data suggests that sea ice generated “alkaline” or “acidic” melt pond water. This melt-water chemistry dictates whether the ponds are sources of CO2 to the atmosphere or CO2 sinks. Below-ice interface water CO2-carbonate chemistry data also indicated substantial generation of alkalinity, presumably owing to dissolution of calcium CaCO3 in sea ice. The interface waters generally had lower pCO2 and higher pH/aragonite than the co-located mixed layer beneath. Sea-ice melt thus contributed to the suppression of mixed layer pCO2 enhancing the surface ocean’s capacity to uptake CO2 from the atmosphere. Meltwater contributions to changes in mixed–layer DIC were also used to estimate net community production rates (mean of 46.9 ±29.8 g C m−2 for the early-season period) under sea-ice cover. Although sea-ice melt is a transient seasonal feature, above-ice melt pond coverage can be substantial (10 to > 50%) and under-ice interface melt water is ubiquitous during this spring/summer sea-ice retreat. Our observations contribute to growing evidence that sea-ice CO2-carbonate chemistry is highly variable and its contribution to the complex factors that influence the balance of CO2 sinks and sources (and thereby ocean acidification) is difficult to predict in an era of rapid warming and sea ice loss in the Arctic Ocean. 2014. Copernicus Publications
