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Abstract

On various time scales, atmospheric CO, and CHa, global temperature, marine carbon chemistry, and pH, and sea level change in a nearly
synchronous manner, although there are time lags among the variables. In this presentation, we explore, mainly from modeling and
observational results, the trends in these variables and the processes controlling them. During the long-term Hot Houses (Greenhouses) of the
Phanerozoic, atmospheric CO, and CH,4 were relatively high, seawater Mg and Ca concentrations were low and high, respectively, relative to
modern seawater; carbonate mineral saturation was elevated despite depressed pH (the calcite-dolomite seas); the planet was warm; and sea
level high. The opposite was true for the Ice Houses of the Phanerozoic (the aragonite seas). The fundamental driver of these different states of
the Earth system was plate tectonics and accompanying feedbacks in the system. During the Pleistocene Ice Age, relatively high atmospheric
CO; and CHy levels, slightly basic and lower dissolved inorganic carbon oceans, warm temperatures, and high sea levels characterized
interglacial stages. The contrary was true for the glacial stages. The different states of the Ice Age were mainly a result of initial changes in
Milankovitch forcing abetted by feedbacks, including weathering, in the Earth system. In contrast to these natural changes in the carbon cycle,
in the Anthropocene, atmospheric CO, and CH, levels have risen mainly because of human activities, such as the burning of fossil fuels and
land use changes. In the late pre-industrial era, the global ocean was a source of CO; to the atmosphere because of net heterotrophy and
production of carbonates but, except for the global coastal ocean, it is now a sink. As a result of rising atmospheric greenhouse gas
concentrations and the enhanced greenhouse effect, the global mean surface temperature has increased almost 1°C since the 19th century.
Much of the warming of the last four decades from this enhanced greenhouse effect has been soaked up by the ocean to be stored for years to
decades before release. The ocean has also absorbed about one third of the total anthropogenic CO, emissions from human activities. A result
of the uptake of anthropogenic CO, by the ocean has been its acidification. If current trends continue, future temperature changes and ocean
acidification could have severe consequences for marine calcifying organisms and perhaps also other organism communities.
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OUTLINE OF PRESENTATION

Because of time constraints, this presentation considers
only two major themes derived from our abstract:

|. The Anthropogenic CO, Balance during the Anthropocene
Il. Acidification and Warming of Ocean Surface Waters
A. Record of Changes

B. Some Consequences for Carbonate Ecosystems
(e.g., reefs)

Ill. Final Statements




WHERE HAS ALL THE ANTHROPOGENIC CO, GONE?

Based on Terrestrial Ocean
aTmosphere Ecosystem
Model (TOTEM)
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(Mackenzie, Ver and Lerman, 2002)
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MORE RECENTLY, WHERE HAS ALL THE ANTHROPOGENIC CO, GONE?
(average balance between 2000 and 2007)
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HISTORICAL AND FUTURE AIR-SEA EXCHANGE OF CO,
FOR THE GLOBAL COASTAL AND OPEN OCEAN
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Of all the fossil fuel, cement manufacturing, and land use CO, released since 1700,
about 30% has gone into the ocean (Mackenzie et al., 2002), leading to its acidification.

Mackenzie and Lerman, unpublished




WHAT HAPPENS TO THE CO, THAT IS ADDED
TO THE OCEAN?
—)
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Presenter’s Notes: As the atmospheric concentration of CO2 increases, the flux of this gas into the surface ocean will also increase following
Henry's law. Dissolved CO2 reacts with water and form carbonic acid which dissociates into hydrogen ions, bicarbonate ions and carbonate ions,
consequently lowering the pH of seawater, a process termed “ocean acidification”. However, the net reaction of this process, demonstrates how
CO2 combines with water and CO3 ions to form bicarbonate, essentially titrating CO3 ions out of solution. As a result, the CO32 will decrease and
consequently the saturation state, omega, with respect to carbonate minerals which is determined by the ion activity product of calcium and
carbonate ions divided by the solubility product. As you will see later this may have implications for marine calcifying organisms which produce

their shells and skeletons out of calcium carbonate.
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ESTIMATED GLOBAL SEA SURFACE TEMPERATURE (SST)
FROM 1880 to 2004
(baseline 1961-1990; satellite and in situ data)
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Trend: ~0.65 °C per century
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Based on Thousands of CTD Profiles:
20-Year SST trend for HOTSs is +0.4 °C per decade at 150 meters
22-Year SST trend for BATs is +0.25 °C per decade in mixed layer
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Decreasing pH and CaCO, Saturation State Lead to Decreasing
Calcification and Production Rates of Various Calcifying Organisms
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THE OTHER SIDE OF
THE COIN:
DISSOLUTION

Boring of microalgae and
fungi and solution of
calcium carbonate shells
under low pH conditions
in the Kattegat, Skagerrak
and Baltic seas

Alexandersson, 1970s




THE OCEAN: FROM MORE BASIC TO MORE ACIDIC
(LAST GLACIAL MAXIMUM TO YEAR 2100)
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DECREASING pH AND CACO,; SATURATION STATE AND
INCREASING TEMPERATURE LEAD TO DISSOLUTION OF
REEF AND OTHER CACO, ECOSYSTEMS EXCEEDING
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Andersson, Mackenzie and Lerman., 2003, 2005, 2006
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FINAL STATEMENTS AND CONCLUSIONS

We have had acidic oceans in the past and without doubt rising atmospheric CO,
levels due to fossil fuel burning and land use emissions of CO, to the atmosphere
have led to, and will continue to lead to, lowering of the pH and carbonate
saturation state of surface ocean waters as the ocean continuously absorbs the
anthropogenic CO, emissions.

Early this century the pH of surface seawater will begin to fall more quickly
(acidity increases more rapidly). Cold and high latitude seawaters will go
undersaturated first with respect to the CaCO; minerals that make up the
skeletons of organisms bathed by these waters. Rises in SST and other stresses
on reef systems only compound the problem of acidification (e.g., coral bleaching
on reefs from increasing temperatures).

There are considerable uncertainties in the ability of individual organism taxa to
acclimate, adapt, or evolve and in ecosystem responses (including those of
benthic and pelagic fisheries, marine food webs, microbial communities,
biodiversity, etc.) to rising atmospheric CO, and temperature but the physics and
chemistry involved with the uptake of CO, in the ocean and its acidification are
well established.

The only prevention of future changes in ocean pH is to reduce globally land use
and fossil fuel CO, emissions to the atmosphere or to capture CO, from the air.
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