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Abstract

Oceans are natural carbonate buffer systems and work as a carbon sink in the
environment which is much larger than the atmospheric and terrestrial carbon
content. The global carbon cycle is maintained by the continuous gaseous
exchange during photosynthesis and respiration. The atmospheric CO, also gets
dissolved into the ocean water and forms weak carbonic acid. Thus, ocean water
is a mixture of various numerous weak acids and bases and stays in contact with
the atmosphere and other minerals as sediments. All of them together make the
ocean an excellent buffer for neutralizing small changes in its composition. But
the recent increase in industrialization and anthropogenic activities are causing
the increase in atmospheric CO, and climate change. More atmospheric CO, is
being dissolved in ocean water and carbon is being released from oceanic carbon
sink making the ocean more acidic. Since industrialization, ocean water pH has
dropped by 0.1 unit which indicated approximately a 30% increase in hydrogen
ion concentration and 16% decrease in carbonate ion concentration relative to the
preindustrial value. As a result of ocean acidification, there are devastating effects
on ocean biota. An increase in sea surface temperature and deoxygenation are
other climate change-related stressors on the ocean system.
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1 Introduction

Oceans are well-known buffer systems, defined as carbonate buffer systems, and act
as a reservoir for carbon. This reserved carbon is more than terrestrial and atmo-
spheric carbon content and helps to control the global carbon cycle. This carbon
dioxide-carbonate system works as a sink for atmospheric CO, and absorbs more
CO, than they release into the atmosphere (Turley et al. 2010). The ocean surface pH
and alkalinity have been unchanged for the last 750,000 years (NIWA n.d.). Plants
and animals add CO, to the atmosphere by respiration and again balance by plant
photosynthesis. There is also a continuous gaseous carbon exchange between the
atmosphere and the ocean. The CO, form carbonic acid in contact with ocean water.
This weak acid is neutralized in the ocean carbonate buffer system. In the last few
decades, there is a constant increase in atmospheric CO, content because of the rapid
anthropogenic activities, abundant fossil fuel burning, and changes in land use. This
leads to carbon pollution both in the atmosphere and the ocean. Increasing CO,
content is causing warming of both the atmosphere and ocean system and ultimately
changing the physico-chemical phenomena that usually happen and control the
ocean buffer system (Climate Reality 2016).

2 Ocean Alkalinity

Alkalinity is the buffering capacity of any water body. It can be defined as the excess
number of bases or proton acceptors over acids or proton donors in a water system.
In the ocean system, several factors can contribute to controlling and affecting the
alkalinity. Where the oxidation process can reduce the alkalinity, anaerobic reactions
can increase the water’s alkalinity. There are numerous reports about ocean alkalin-
ity and its interpretations in different ways (Middelburg et al. 2020). Dickson (1992)
came up with an extensive conclusion regarding the relation between chemical
models of marine water, its relation with alkalinity, and the measuring of alkalinity.
The ocean alkalinity is balanced by various factors such as ions released into the
open ocean by weathering of rocks (Mackenzei and Garrels 1966) and again
deposition and precipitation of sediment after the calcification process. This phe-
nomenon is generally represented as (Urey 1952):

CO; + CaSiO3 — CaCO; + SiO,

This equation establishes the transfer and removal of atmospheric CO, in the
form of sediment. Middelburg et al. (2020) described possible factors that affect or
balance the ocean alkalinity directly which are alkalinity sources and alkalinity
sinks:

Alkalinity sources are riverine DIC (dissolved inorganic carbon), riverine PIC
(particulate inorganic carbon), submarine groundwater, submarine silicate, sulfur
burial, denitrification, and organic matter burial (Fig. 1).



Climate Change: Stressor on Marine Buffer System 25

Continental Margin Open Ocean

Submarine
groundwater
discharge, 1

Submarine weathering, 2.8 1
Anaerobic process, 6.2(3.9-8.4) 36 (32-46) 23 (22-24)
Organic matter burial, 3.0

Reserve weathering

CaCOg burial CaCOj burial

Fig. 1 Ocean alkalinity balance (fluxes are in Tmol/year). (Source: Middelburg et al. 2020)

Alkalinity sinks are open ocean carbonate burial, ocean margin carbonate burial,
and reverse weathering.

Ocean alkalinity can be measured and referred to as titration alkalinity and charge
balance alkalinity (CBA). The understanding of these alkalinities is used to quantify
calcification and carbonate dissolution and also helps to determine the impact of
biogeochemical processes on components of the carbon dioxide system in the ocean.
Titration alkalinity or as known as total alkalinity is the mostly used alkalinity for
experiment and observational purposes in the ocean. CBA is used for theoretical,
modeling, and geological studies. CBA is essential for quantifying the buffering
capacity and pH changes in natural environments and this is often used to denote
excess negative charge in the freshwater system (Turchyn and DePaolo 2019).

3 Marine Buffer System

Ocean water is a mixture of numerous weak acids and bases and stays in contact with
the atmosphere and other minerals as sediments. There is a continuous exchange of
various gases between ocean water surface and atmosphere. All of them together
have the potential to react if there is any physical or chemical variation in the
composition. In general, ocean water having multiple weak acids, bases, and
minerals has an excellent capacity to buffering any small changes in the acidity of
alkalinity by transforming the proton (Middelburg et al. 2020). Ocean alkalinity is
the central idea to understanding its buffering capacity and its role in CO, uptake.
Seawater also contains multiple sensitivity and buffering factors which are just
opposite to each other. Sensitivity factors are those which induce changes in
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chemical features but buffering factors restrain that change. Buffering capacity of
seawater is homogenous and heterogeneous. Homogenous buffering is more instan-
taneous and spatially distributed in the ocean. Heterogenous buffering occurs due to
the dissolution, precipitation, and deposition of minerals and sediments on the
seafloor (Archer et al. 1998; Boudreau et al. 2018).

4 Climate Change

According to United Nations (n.d.), climate change is a long-term change in
temperature and weather patterns. These changes are mostly driven by anthropo-
genic activities. After the 1800s, rapid industrialization triggered the changing of
weather patterns. Excess carbon pollution is the prime reason behind this rapid
climate change (Fig. 2). As a result of that, our planet Earth is now 1.1 °C hotter
than that was in the 1800s.

Fossil fuel burning and changes in land-use patterns are erupting CO, and other
greenhouse gases. These gases work as a shield and help in trapping the reflected
sunlight. This incident is causing global warming and ultimately leading to changing
the climatic pattern (The Royal Society, US National Academy of Sciences 2020).
Atmospheric CO; has increased by upto 49% from the preindustrial concentration of
about 280 ppm. As per the report by Siegenthaler (2005), the recent atmospheric
CO, increase is almost 100 times faster than what occurred in the last 650,000 years.

5 Ocean Acidification

The ocean has a vast contribution to the global carbon cycle. Its inorganic carbon
reservoir is roughly 37,400 Gt (10" g), which is about 50 times and more than 18
times higher than that of the atmosphere and terrestrial realm, respectively (Fig. 3).
Ocean water acts as a sink for CO, due to its carbonate buffer system which is the
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Fig. 2 Change in carbon dioxide concentration in the atmosphere globally. (Source: climate.nasa.
gov, NASA n.d.)
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Fig. 3 Chemical reactions involve ocean acidification. (Source: The National Academies 2013)

result of the reaction of water with CO, forming carbonic acid, bicarbonate, and
carbonate ions (Boudreau et al. 2018). Since industrialization, the ocean has played
an important role in uptaking 28-34% of the CO, produced by anthropogenic
activities. Within this period, ocean water pH has dropped by 0.1 unit which
indicated approximately a 30% increase in hydrogen ion concentration and a 16%
decrease in carbonate ion concentration relative to the preindustrial value (Turley
et al. 2010). Researchers predicted more pH increase which is about 0.3—0.4 units by
the end of this century (Caldeira et al. 2007). This rapid change in ocean water pH
has not occurred in the last 20 million years of Earth’s history. There is a series of
chemical reactions that involve when then atmospheric CO, came in contact with
ocean water and getting absorbed.

The ocean water stays in equilibrium with available carbon and bicarbonate ions
where  is the calcium carbonate saturation state:

Q=[Ca’"][CO, *] /Ky

Here, K, is the stoichiometric solubility product for CaCOs; [Ca®*] and [CO, 3
are the in situ calcium and carbonate concentrations (Guinotte and Fabry 2008).
When the atmospheric CO, reacts with ocean water it first forms carbonic acid
(H,CO3) which subsequently dissociates into H" ions and bicarbonate ions. Thus,
there is an increase in H' ion concentration. These again react with available
carbonate ions (CO5>7) and form more bicarbonate ions. These incidents lead to a
shift in the form of inorganic carbon storage in the ocean (Lenton et al. 2018). Thus,
a reduction in the carbonate ions [C02_3] concentration also leads to decreasing
calcium carbonate saturation state () (Guinotte and Fabry 2008).
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6 The Rise in Sea Surface Temperature

Climate change affects the marine environment in various ways. One of these is the
rise in sea surface temperature. The increased fossil fuel burning and land-use
change have led to the emission of excess greenhouse gases which mostly are
CO,. These gases trap the reflected energy in the atmosphere and the rest gets
trapped in the ocean. The heat capacity of water determines its heat-absorbing
capacity. Substances that have higher heat capacity require a larger amount of heat
to increase a small amount in temperature. The water has 1000 times higher heat
capacity than the air which helps in absorbing about 90% of additional heat (Sutton
2018). Bindoff et al. (2007) reported about 20 times more heat absorption by ocean
water than the atmosphere since the 1960s. As per reports, this heat led to a globally
averaged SST increase of ~0.67 °C from 1901 to 2005 with a warming rate of 0.06 °
C/decade (Cravatte et al. 2009).

7 Oxygen Depletion

Another adverse effect of climate change on the ocean is oxygen depletion. Oxygen
is a crucial element for marine life, to live and breathe. The recent event of climate
change and global warming are causing changes in the gaseous composition of
ocean water and ultimately deoxygenation. Climate change and sea surface temper-
ature change have reduced the oxygen-holding capacity of ocean water. The ocean
currents are also changing along with strongly stratified ocean water columns which
cause less mixing of water and a lower amount of oxygen content in the deep ocean
(O’Boyle 2020). Since the 1950s the oceans worldwide have lost about 2% of total
dissolved oxygen expected to lose about 3—4% of dissolved oxygen. The reason
behind this phenomenon is mainly climate change and global and ocean warming.

8 Impact on Marine Ecosystem

Climate change and related threats like ocean acidification, rise in ocean surface
temperature, and deoxygenation have devastating effects on marine lives and
the environment. It has been projected that these phenomena are affecting all areas
of the ocean from the coastal to the deep-sea floor (Feely et al. 2009). The changes in
the carbonate buffer chemistry of ocean water may disturb the calcification process
of organisms, accelerate the dissolution of calcifying organisms and their other
metabolic activities, acid-base regulations, blood circulation, also the nervous sys-
tem of the organisms (Frommel et al. 2012). Such an important calcifying organism
is coral which is severely under the stress of ocean acidification. The decreased pH of
the ocean reduced the ability of reef-building corals to form the skeleton. Albright
et al. (2010) revealed in their paper that ocean acidification affects the fertilization,
settlement, and growth of reef-building corals thus reducing their recovering capac-
ity from any disturbance. It is predicted that by the end of this century, the coral reef
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will erode faster than they could rebuild again and thus affecting the habitat of
estimated one million species (Kibria 2015). Likewise, other calcifying organisms
like sea urchins, nematodes, bivalves, and gastropods also get affected by ocean
acidification. About 62% reduced growth rate have been found in sea urchin due to
ocean acidification (Hendriks et al. 2010). Changing ocean pH has also affected the
calcifying plankton like Coccoolithophores (unicellular calcifying phytoplankton)
and foraminifera (calcifying protozoans). This cascading effect on the base level
organism of the food chain in a marine environment can alter the species composi-
tion of the world’s ocean (Kibria 2015). However, Hendriks et al. (2010) reported
the beneficial effects of ocean acidification. They reported a higher growth rate of
seaweed and seagrasses due to increased levels of dissolved CO, in the water.

The rise in sea surface temperature has a detrimental effect on marine biodiversity
and is predicted to reduce the primary productivity and increase consumption and
cycling of the organic matter on the ocean surface through heterotrophic processes
and overall reduction of carbon export to the deep sea. The rise in ocean temperature
is also helping in the redistribution of ocean biodiversity. For example, there is more
plankton in the arctic. The temperature rise has also caused the sea level rise which is
affecting mangroves, and corals by hampering their biology (Laffoley and Baxter
2016).

9 Impact on Human Health

Human health and well-being are directly related to the hydrosphere or the ocean.
The ocean has provided humans with food, medication, and mental as well as
physical health benefits. It also helps to control climate change to a certain extent
and in coastal protection. Ocean acidification can negatively impact human health in
four possible ways (Fig. 4). These are: (a) through malnutrition and poisoning by
altering the food quantity and quality; (b) through respiratory issues by altering the
air quality; (c) through the impact on mental health by modifying and altering the
natural space; (d) through the decreased opportunity to obtain the natural medicines
and cures. The effects of ocean acidification are not experienced singularly. Rather
they show combined effects and affect us in various ways. It can be said that the
effects of ocean acidification are the outcome of various complex combinations of
linkages (Falkenberg et al. 2020).

10 Conclusion

Climate change is affecting the land and ocean equally and causing the warming
worldwide. It also is the main reason behind the excessive increase in the atmo-
spheric CO, content which is ultimately altering the ocean pH. Though ocean
acidification increases the direct impact on a specific group of organisms, it ends
up impacting every organism to a certain extent (Laffoley and Baxter 2016). Along
with other climate-related stressors like sea surface temperature increase, and oxygen
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Fig. 4 Effects of ocean acidification on human health. (Source: Falkenberg et al. 2020)

depletion, the adverse effect of ocean acidification becomes more intensive
(Falkenberg et al. 2020). Laffoley and Baxter (2016) suggested a few measures to
control the uncontrolled climate change-related stressors on the marine environment
which are: (a) there is a knowledge gap about the severity of impact due to the
climate change-related stressor on the ocean system, which should come in people’s
attention; (b) there is an urgent need of taking serious actions and policies to redeem
the adverse impacts; (c) a re-evaluation of risks to the environment and human
beings and an analysis of economic impact due to the changes in the ocean buffer
system are needed; (d) last but not least, the input of greenhouse gases mainly CO,
into the atmosphere should be cut off as much as possible.



Climate Change: Stressor on Marine Buffer System 31

References

Albright R, Mason B, Miller M, Langdon C (2010) Ocean acidification compromises recruitment
success of the threatened Caribbean coral Acropora palmata. PNAS 107:20400-20404

Archer D, Kheshgi H, Maier-Reimer E (1998) Dynamics of fossil fuel CO, neutralization by marine
CaCO3;. Glob Biogeochem Cycles 12:259-276

Bindoff NL, Willebrand J, Artale V, Cazenave A, Gregory J, Gulev S, Hanawa K, Le Quéré C,
Levitus S, Nojiri Y, Shum CK, Talley LD, Unnikrishnan A (2007) Observations: oceanic
climate change and sea level. In: Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt
KB, Tignor M, Miller HL (eds) Climate change 2007: the physical science basis. Contribution
of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge

Boudreau BP, Middelburg JJ, Luo Y (2018) The role of calcification in carbonate compensation.
Nat Geosci 11:894-900

Caldeira K, Archer D, Barry JP, Bellerby RGJ, Brewer PG, Cao L, Dickson AG, Doney SG,
Elderfield H, Fabry VJ, Feely RA, Gattuso JP, Haugan PM, Guldberg OH, Jain AK, Kleypas JA,
Langdon C, Or JC, Ridgwell A, Sabine CL, Seibel BA, Shirayama Y, Turley C, Watson AlJ,
Zeebe REM (2007) Comment on ‘“Modern-age buildup of CO2 and its effects on seawater
acidity and salinity” by Hugo A. Loaiciga. Geophys Res Lett 34:1-3

Climate Reality (2016) Global warming’s evil twin: ocean acidification. In: The climate reality
project. https://www.climaterealityproject.org/blog/global-warming-ocean-acidification

Cravatte S, Delcroix T, Zhang D, McPhaden M, Leloup J (2009) Observed freshening and warming
of the western Pacific Warm Pool. Clim Dyn 33:565-589

Dickson AG (1992) The development of the alkalinity concept in marine chemistry. Mar Chem 40:
49-63

Falkenberg LJ, Bellerby RGJ, Connell SD, Fleming LE, Maycock B, Russell DB, Sullivan FJ,
Dupont S (2020) Ocean Acidification and Human Health. Int J Environ Res Public Health 17:
4563

Feely RA, Doney SC, Cooley SR (2009) Ocean acidification: present conditions and future changes
in a high-CO, world. Oceanography 22:36-47

Frommel AY, Maneja R, Lowe D, Malzahn AM, Geffen AJ, Folkvord A, Piatkowski U, Reusch
TBH, Clemmesen C (2012) Severe tissue damage in Atlantic cod larvae under increasing ocean
acidification. Nat Clim Chang 2012:42-46

Guinotte JM, Fabry VJ (2008) Ocean acidification and its potential effects on marine ecosystems.
Ann N Y Acad Sci 1134:320-342

Hendriks IE, Duarte CM, Alvarez M (2010) Vulnerability of marine biodiversity to ocean acidifi-
cation: a meta-analysis. Estuar Coast Shelf Sci 86:157-164

Kibria G (2015) Ocean acidification and its impact on marine biodiversity, seafood security &
livelihoods - a short review. Research Gate Online. https://www.researchgate.net/profile/
Golam_Kibria7

Laffoley D, Baxter JM (eds) (2016) Explaining ocean warming: causes, scale, effects and
consequences. [IUCN, Gland

Lenton A, Matear RJ, Mongin M (2018) Effects of climate change on ocean acidification relevant to
the Pacific Islands. Sci Rev 2018:31-42

Mackenzei FT, Garrels RM (1966) Chemical mass balance between rivers and oceans. Am J Sci
264:507-525

Middelburg JJ, Soetaert K, Hagens M (2020) Ocean alkalinity, buffering and biogeochemical
processes. Rev Geophys 58:1-28

NASA (n.d.). https://climate.nasa.gov/vital-signs/carbon-dioxide/

NIWA (n.d.). https://niwa.co.nz/coasts-and-oceans/faq/what-is-ocean-acidification

O’Boyle S (2020) Oxygen depletion in coastal waters and the open ocean. In: Arias AH, Botte SE
(eds) Coastal and deep ocean pollution, 1st edn. CRC Press, Boca Raton, FL, pp 1-27. ISBN:
13: 978-1-138-56939-3


https://www.climaterealityproject.org/blog/global-warming-ocean-acidification
https://www.researchgate.net/profile/Golam_Kibria7
https://www.researchgate.net/profile/Golam_Kibria7
https://climate.nasa.gov/vital-signs/carbon-dioxide/
https://niwa.co.nz/coasts-and-oceans/faq/what-is-ocean-acidification

32 S. Jana and S. Mondal

Siegenthaler U (2005) Stable carbon cycle-climate relationship during the late pleistocene. Science
310(5752):1313-1317

Sutton PJH (2018) Effects of climate change on sea temperature relevant to the Pacific Islands. Sci
Rev 2018:20-30

The National Academies (2013) Ocean acidification starting with the science. The National
Academies, Washington, DC. https://www.nap.edu/resource/12904/OA1.pdf

The Royal Society, US National Academy of Sciences (2020) Climate change evidence & causes.
An overview from the Royal Society and the US National Academy of Sciences. The Royal
Society, US National Academy of Sciences, London, Washington, DC. https://royalsociety.org/
~/media/royal_society_content/policy/projects/climate-evidence-causes/climate-change-evi
dence-causes.pdf

Turchyn AV, DePaolo DJ (2019) Seawater chemistry through phanerozoic time. Annu Rev Earth
Planet Sci 47:97-224

Turley C, Brownlee C, Findlay HS, Mangi S, Ridgwell A, Schmidt DN, Schroeder DC (2010)
Ocean acidification in MCCIP annual report card 2010-11. MCCIP Sci Rev:1-27

UN (n.d.). https://www.un.org/en/climatechange/what-is-climate-change

Urey HC (1952) On the early chemical history of the earth and the origin of life. Geophysics 38:31—
363


https://www.nap.edu/resource/12904/OA1.pdf
https://royalsociety.org/~/media/royal_society_content/policy/projects/climate-evidence-causes/climate-change-evidence-causes.pdf
https://royalsociety.org/~/media/royal_society_content/policy/projects/climate-evidence-causes/climate-change-evidence-causes.pdf
https://royalsociety.org/~/media/royal_society_content/policy/projects/climate-evidence-causes/climate-change-evidence-causes.pdf
https://www.un.org/en/climatechange/what-is-climate-change

	Climate Change: Stressor on Marine Buffer System
	1 Introduction
	2 Ocean Alkalinity
	3 Marine Buffer System
	4 Climate Change
	5 Ocean Acidification
	6 The Rise in Sea Surface Temperature
	7 Oxygen Depletion
	8 Impact on Marine Ecosystem
	9 Impact on Human Health
	10 Conclusion
	References




