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Studying the variation of the CO2
system in seawater of Bania's
coast- Syria

Hussam Eddin Laika

ABSTRACT

We studied the effect of CO2 system parameters in the coastal seawater of Banias
City during the year 2022, their effects on salinity and temperature, and the
resulting changes in pH values of marine water from several sites distributed along
the coast. The results show decreasing temperature and salinity of the water in
winter (17.11-17.72°C, 36.51-36.98%0) respectively, increasing the absorption of CO2
of water leading to increasing the concentrations of total inorganic carbon (2250.3-
2280.3pumol/kg), alkalinity (2389.3-2395.9umol/kg) and decreasing pH values of
seawater (7.721-7.782). There was a change in temperature and salinity of the
seawater in spring (21.94-22.42°C, 37.51-37.88%o respectively), and in autumn (19.88-
19.92°C, 37.35-37.45%o in addition to the in the
concentrations of total inorganic carbon (2088.4-2154.2umol/kg, 2219.9-
2237.9umol/kg), alkalinity (2445.2-2449.6pumol/kg, 2456.3-2470.8umol/kg) and pH
values of seawater (7.632-7.684) (7.562-7.673). The study revealed increasing
temperature and salinity of the seawater in summer (26.61-27.36°C, 38.41-38.67 %o
respectively), and decreasing the biological activity. This was accompanied by
the concentrations of both total carbon (2306.6 -
2381.5umol/kg), alkalinity (2526.1-2550.7umol/kg), and pH values of seawater
(8.068-8.070).

respectively), decrease

increasing inorganic

Keywords: CO2 System Parameters, (AT), (CT), Banias.

1. INTRODUCTION

The increase in the amount of fossil fuel consumption from the Industrial
Revolution to the present has increased levels of carbon dioxide in the atmosphere
(Solomon et al., 2007). As a percentage of various human activities (cutting and
burning of forests and waste, the large spread of machines that operate on fossil
fuels to produce energy, cement factories, fuels used in heating and means of
transportation, the decrease in agricultural land areas), the rate of its dissolution in
marine waters has increased (Sabine et al., 2004; IPCC, 2007; Le Quéré et al., 2018;
Gruber et al.,, 2019). As a result, the oceans play a vital role in mitigating carbon
dioxide from the atmosphere (Mikaloff-Fletcher et al., 2006; Sabine et al., 2011).

10f13


https://doi.org/10.54905/disssi.v10i27.e1cc1015
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

REPORT | OPEN ACCESS

Accordingly, many international scientific studies have been conducted to understand the cycle of this gas in marine waters and the
changes occurring in the carbonate system (Takahashi et al., 1993; Houghton et al., 2001; Thomas et al., 2005; Goyet et al., 2016).

The massive increase in carbon dioxide emitted into the atmosphere (about 79 million tons per day) has been accompanied by an
increase in ocean acidity IPCC, (2013), the pH value of surface marine waters decreased by 0.1 units compared to the pre-industrial
revolution period (Gattuso and Hansson, 2011; Orr, 2011). Many studies and scientific research programs have shown the possibility of
a decrease in the value of the acidity of marine water by 0.14-0.43 units by the year 2100 (Dixson et al., 2010; IPCC, 2014). The protective
capacity of marine waters decreased as a result of the increase in the rate of dissolution of carbon dioxide (Meredith et al., 2012; Wijffels
et al., 2016). The high acidity of marine waters affects the productivity and production of organic matter in the oceans as a result of
controlling environmental and biogeochemical processes (Riebesell et al., 2000; Yoshimura et al., 2013; Yoshimura et al., 2014; Cai et al,,
2011).

The carbonate system in marine waters is affected by increasing concentrations of dissolved carbon dioxide, as carbonate ions
interact with the increase in concentrations of dissolved carbon dioxide to modify, which leads to a decrease in the saturation state of
calcium carbonate in surface seawater, with negative consequences for organisms with limescale shields and biodiversity in the marine
environment (Dore et al., 2009; Kroeker et al.,, 2013; Bates, 2015; Joshua, 2022). Increasing carbon dioxide concentrations in the
atmosphere leads to an increase in the rate of its exchange at the air-sea interface until a balance is reached between the two media,
which leads to accompanying changes in the pH values of marine waters over time and to a decrease in the ability of the oceans to
remove carbon dioxide gas, anthropogenic carbon from the atmosphere (Riebesell et al., 2009; Landschiitzer et al., 2015).

Furthermore, a decrease in pH will change the balance between different forms of dissolved inorganic carbon (CT) in the oceans,
leading to an increase in the proportion of carbon dioxide and bicarbonate (HCO3-) at the expense of carbonate ions (CO32-). Although
some photosynthetic organisms will benefit from elevated concentrations of carbon dioxide (Yoshimura et al., 2014). While most other
calcareous species show high sensitivity to decreasing carbon dioxide availability (Hutchins et al., 2007). Coastal marine waters play a
critical role in the global carbon cycle by connecting oceanic, terrestrial, and atmospheric reservoirs (Regnier et al., 2013).

In addition, the oceans contribute to the regulation of the carbon cycle because they act as receptors for carbon loads carried by
coastal rivers (Cai et al., 2011). And as carbon reservoirs via the “carbon pump” mechanism (Sabine and Tanhua, 2010). This study was
conducted in the coastal region of Banias (Syria) with the general aim of understanding the spatial and temporal variation of carbon
dioxide parameters in marine surface waters, and studying its negative effects on the marine environment with the increase in carbon
dioxide concentrations in the atmosphere and the accompanying change in water pH values, the impact of this on living organisms as a

result of changes in the carbonate system in marine waters in light of the climate changes prevailing in the region.

2. MATERIAL AND METHODS

This research aims to study the spatial and temporal variation of CO2 parameters in the coastal area of Banias (Figure 1), where surface
marine water samples were collected every season from 2022 at a depth of 5 meters and a distance of 1 km from the coast using a 5liter
Niskin bottle. Temperature (T), salinity (S), and pH were measured immediately, and to stop all biological processes, 100uL of a
saturated solution of HgCl2 was added. AT was analyzed using the method described by Dickson and Goyet, (1994), and CO2 chemical
parameters were calculated using CO2SYS (Lewis and Wallace, 1998). Use Ocean Data View (ODV) to present the results.
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Figure 1 Sampling station along the Coast of Banias

3. RESULTS

Thermohaline characteristics

Temperature of surface seawater (T)

The results showed spatial differences in the temperature of Banias coastal waters (T), due to differences in the movement of water
masses and mixing rates. This is in addition to the difference in the depth of the seawater column (Figure 2). In general, temperatures
were observed to rise from the south to the north of the Banias coast, ranging from 17.01 °C in the winter to 27.61 °C in the summer, as
a result of seasonal changes in the climate cycle, differences in rainfall rates, direction and speed of water masses, and differences in
wind speed and direction according to the seasons. This has been confirmed by many studies in different regions (Lee et al., 2006;
Touratier and Goyet, 2011). The quality of various human activities: wastewater discharge (sewage and industrial water), in addition to
the seasonal variation in the rate of river flow between the north and south of the study area also affected the differences in water

temperatures.
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Figure 2 Seasonal changes in temperature of surface seawater between winter and autumn 2022 along the coast of Banias

Salinity of sea surface water (S)

It was observed that there were temporal and spatial differences in salinity values, as the highest value was recorded in the summer
(38.65%0) accompanied by an increase in sea surface temperature, while the lowest value (36.51%o) was recorded in the winter (Figure
3). The temporal and spatial variation in salinity values is due to differences in weather factors such as differences in rainfall rates. This
is in addition to differences in the direction and strength of winds that affect the levels of mixing of water masses, seasonal changes of
evaporation, changes in solar radiation, and changes in the level of human activities (Turatier and Goyet, 2011; Rohling et al., 2009;
Zweng et al., 2013; Cossarini et al., 2015; Heng et al., 2021). In general, changes in marine surface water salinity have been associated
with changes in sea surface temperature and this has been confirmed by many studies (Gemayel et al., 2015).
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Figure 3 Seasonal changes in the salinity of surface seawater between winter and Autumn 2022 along the coast of Banias

Total alkalinity (AT)

Total alkalinity values in marine surface waters are positively affected by many processes such as photosynthesis, calcium carbonate
dissociation, and high-water temperature, compared to the negative effect of other processes such as respiration and calcium carbonate
formation (Zeebe and wolf-gladrow, 2001; Bates and Mathis, 2009; Heng et al., 2021). The alkalinity of the surface seawater of the
Banias coast showed spatial and temporal changes between the winter and fall of 2022, and the results showed high concentrations in
the summer (2520 - 2549 umol/kg) and lower concentrations in the winter (2389 - 2394 umol/kg), as shown in (Figure 4). Seasonal
changes in the total alkalinity of surface seawater are accompanied by changes in temperature and salinity Poisson and Chen, (1987),
Takahashi et al., (1993), and this has been confirmed by many studies in Mediterranean waters (Copin-Montégut, 1993; Copin-
Montégut and Bégovic, 2002; Jiang et al., 2014).

Salinity contributes more than 80% to seasonal changes in temperature at different alkalinity values, as a result of differences in
river flow rates, rainfall rates, and the effect of evaporation rates between summer and winter (Millero et al., 1998; Lee et al., 2006;
Gemayel et al., 2015). It has been observed that there are spatial changes in salinity values between the southern and northern coasts of
Banias, as well as in the total alkalinity values of marine surface waters, which shows a linear relationship between them, and this has
been confirmed by many studies (Schneider et al., 2010; Laika et al., 2009; Rivaro et al., 2010; Hassoun et al., 2015a). The rise in
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temperature in summer is accompanied by an increase in the rate of evaporation processes, which contributes to a clear increase in
alkalinity concentrations compared to total inorganic carbon (Cossarini et al., 2015).
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Figure 4 Seasonal changes of AT between winter- autumn 2022 along the coast of Banias
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Figure 5 Seasonal changes of CT between winter- autumn 2022 along the Coast of Banias
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Figure 6 Seasonal changes of pH value in sea surface water between winter and Autumn 2022 along the Coast of Banias

Clear temporal changes were observed in total inorganic carbon in marine surface waters along the coast of Banias from winter (2250.9
- 2280.3 umol/kg) until autumn (2219.9 - 2237.9 umol/kg) as shown in (Figure 5), as a result of changes Seasonality of human activities
on the beach, vertical mixing of water, and differences in the rate of oxidation processes in the water (Bakker et al., 1999; Sabin et al.,
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REPORT | OPEN ACCESS

2004; Gemayel et al., 2015). Seasonal changes in temperature and salinity play 80% of the variation in exchange processes at the
separation surface between air and sea and in the process of dissolution of carbon dioxide in marine waters, in addition to the
difference in the quality of human activities (Schneider et al., 2010).

The southeastern basin is characterized by high concentrations of inorganic carbon in the winter compared to the eastern basin,
which is characterized by high concentrations in the summer. The dynamic movement of Mediterranean waters activates the uptake of
carbon dioxide from the atmosphere into surface waters and in the process of its transport towards other water basins Hassoun et al.,
(2015a), which leads to higher CT and AT in the Aegean sub-basins. (Strait of Gibraltar) as confirmed by the study of (Cossarini et al.,
2015).

Values of pH surface seawater

The pH values of surface marine waters are affected by the seasonal variation of T and S, which directly affect the carbon dioxide
dissolution process (Weiss, 1974). The decrease in freshwater inputs (river water, change in rainfall), the increase in the amount of
polluted water (sewage), and the variation in human activities are all factors that contribute to the spatial variation in pH values from
one region to another in the study area. This has been confirmed by many scientific studies (Touratier et al., 2012; Hassoun et al.,
2015b). In general, an increase in pH values was observed in surface marine waters from the southern coast of Banias towards the
north. In addition, acidity increased from summer to winter, accompanied by changes in both the temperature and salinity of marine
waters. The pH value ranged between 7.63 in the spring of 2022 and 8.08 in the summer, as shown in (Figure 6), where increasing
concentrations of dissolved inorganic carbon in surface marine waters are accompanied by a decrease in pH, and this has been
confirmed by many studies, including (Bates and Mathis, 2009).

Since the pre-industrial era, H+ has increased by 26% in marine waters, which has contributed to a decline in average pH values
from 8.2 to 8.1 (Raven et al., 2005; Orr et al., 2005; Doney et al., 2009; Gattuso and Hanson, 2011). The greatest and most direct effect of
the decrease in pH value on living organisms appears as a result of the decrease in carbonate ion concentration in marine waters.
Which leads to negative effects on many marine calcareous organisms. Any change in pH values significantly alters ocean chemistry
and ecosystem functioning by altering the carbonate system, and this places many calcifying organisms (such as corals, crustaceans,
echinoderms, foraminifera, and mollusks) that depend on various calcite or aragonite forms of Calcium carbonate, building their cell

coverings or skeletons are in danger of death and extinction (Gattuso et al., 1998; Kleypas et al., 1999).

4. CONCLUSIONS

As a result, the increase in the proportion of carbon dioxide in the atmosphere was accompanied by clear climatic changes from an
increase in the temperature of the atmosphere and the temperature of marine waters, where a clear effect was observed for both the
temperature and salinity of the surface waters of the marine area between the southern coast (due to river inputs and fresh water in the
sea), compared to the north of Banias Beach in 2022, which led to changes in the carbonate system and pH values of marine water,

which will have negative impacts on the marine environment of the studied area on the one hand and biodiversity on the other hand.

Ethical approval
Not applicable.

Informed consent

Not applicable.

Conflicts of interests

The authors declare that there are no conflicts of interests.

Funding
The study has not received any external funding.

Climate Change 10, elcc1015 (2024) 9 0f13



REPORT | OPEN ACCESS

Data and materials availability

All data associated with this study are present in the paper.

REFERENCES AND NOTES

1.

10.

11.

Bakker DCE, de-Baar HJW, de-Jong E. The dependence on
temperature and salinity of dissolved inorganic carbon in East
Atlantic surface waters. Mar Chem 1999; 65(3-4):263-28 0.
Bates NR, Mathis JT. The Arctic Ocean marine carbon cycle:
evaluation of air-sea CO2 exchanges, ocean acidification
impacts and potential feedbacks. Biogeosciences 2009; 6(11):
2433-2459. doi: 10.5194/bg-6-2433

Bates NR. Assessing Ocean Acidification Variability in the
Pacific-Arctic Region as Part of the Russian- American Long-
term Census of the Arctic. Oceanogr 2015; 28(3):36-45. doi:
10.5670/oceanog.2015.56

Cai WJ, Hu X, Huang W], Murrell MC, Lehrter JC, Lohrenz
SE, Chou WC, Zhai W, Hollibaugh JT, Wang Y, Zhao P, Guo
X, Gundersen K, Dai M, Gong GC. Acidification of subsurface
coastal waters enhanced by eutrophication. Nat Geosci 2011;
4:766-770.

Copin-Montégut C, Bégovic M. Distributions of carbonate
properties and oxygen along the water column (0-2000m) in
the central part of the NW Mediterranean Sea (Dyfamed site):
influence of winter vertical mixing on air-sea CO2 and O2
exchanges. Deep Sea Res Part II Top Stud Oceanogr 2002;
49(11):2049-2066.

Copin-Montégut C. Alkalinity and carbon budgets in the
Mediterranean Sea. Global Biogeochem Cycles 1993; 7(4):91 5-
925.

Cossarini G, Lazzari P, Solidoro C. Spatiotemporal variability
of alkalinity in the Mediterranean Sea. Biogeosciences 2015;
12(6):1647-1658. doi: 10.5194/bg-12-164 7-2015

Dickson AG, Goyet C. Handbook of methods for the analysis
of the various parameters of the carbon dioxide system in sea
water. Version 2. United States: N. p., 1994. Web. doi:
10.2172/10107773

Dixson DL, Munday PL, Jones GP. Ocean acidification
disrupts the innate ability of fish to detect predator olfactory
cues. Ecol Lett 2010; 13(1):68-75. doi: 10.1111/.1461-0248.
2009.01400.x

Doney SC, Fabry V], Feely RA, Kleypas JA. Ocean
acidification: the other CO2 problem. Ann Rev Mar Sci 2009;
1:169-92. doi: 10.1146/annurev.marine.010908.163834

Dore JE, Lukas R, Sadler DW, Church M]J, Karl DM. Physical

and biogeochemical modulation of ocean acidification in the

Climate Change 10, elcc1015 (2024)

12.

13.

14.

15.

16.

17.

18.

19.

20.

central North Pacific. Proc Natl Acad Sci U S A 2009; 106
(30):12235-40. doi: 10.1073/pnas.0906044106
Gattuso JP, Frankignoulle M, Bourge I, Romaine S,
Buddemeier RW. Effect of calcium carbonate saturation of
seawater on coral calcification. Global Planet Change 1998; 1
8:37-46.

Gattuso JP, Hansson L. Ocean acidification: background and
history. Ocean acidification. Oxford University Press 2011; 1 —
20.

Gemayel E, Hassoun AER, Benallal MA, Goyet C, Rivaro P,
F, Ziveri P.

Climatological variations of total alkalinity and total dissolved

Saab AM, Krasakopoulou E, Touratier

inorganic carbon in the Mediterranean Sea surface waters.
Earth Syst Dynam 2015; 6:789-800. doi: 10.5194/esd-6-789-2015
Goyet C, Hassoun AER, Gemayel E, Touratier F, Saab MA,
Guglielmi V. Thermodynamic Forecasts of the Mediterranean
Sea Acidification. Mediterr Mar Sci 2016; 17 (2):508-518. doi:
10.12681/mms.1487

Gruber N, Clement D, Carter BR, Feely RA, van-Heuven S,
Hoppema M, Ishii M, Key RM, Kozyr A, Lauvset SK, Lo-
Monaco C, Mathis JT, Murata A, Olsen A, Perez FF, Sabine
CL, Tanhua T, Wanninkhof R. The oceanic sink for
anthropogenic CO2 from 1994 to 2007. Sci 2019; 363(6432):1
193-1199. doi: 10.1126/science.aau5153

Hassoun AER, Gemayel E, Krasakopoulou E, Goyet C, Saab
MA, Guglielmi V, Touratier F, Falco C. Acidification of the
Mediterranean Sea from anthropogenic carbon penetration,
Deep Sea Res Part I Oceanogr Res Pap 2015a; 102:1-15. doi:
10.1016/j.dsr.2015.04.005

Hassoun AER, Gemayel E, Krasakopoulou E, Goyet C, Saab
MA, Ziveri P, Touratier F, Guglielmi V, Falco C. Modeling of
the total alkalinity and the total inorganic carbon in the
Mediterranean. ] Water Resour Ocean Sci 2015b; 4(1):24-32.
doi: 10.11648/j.wros.20150401.14

Heng S, Zhong-Yong G, De-Rong Z, Xiu-Wu S, Chen Li-Qi.
Spatial variability of summertime aragonite saturation states
and its influencing factor in the Bering Sea. Adv Clim Chang
Res 2021; 12(4):508-516. doi: 10.1016/j.accre.2021.04.001
Houghton JT, Ding Y, Griggs DJ, Noguer M, Van-der-Linden
PJ, Dai X, Maskell K, Johnson CA. Climate change 2001 the
scientific basis. Contribution of Working Group I to the Third

Assessment Report of the Intergovernmental Panel on

10 of 13


https://agupubs.onlinelibrary.wiley.com/authored-by/Copin%E2%80%90Mont%C3%A9gut/Claire

REPORT | OPEN ACCESS

21.

22.

23.

24.

25.

26.

27.

28.

Climate Change. Cambridge: Cambridge University Press
2001; 881.

Hutchins DA, Fu FX, Zhang Y, Warner ME, Fen GY, Portune
K, Bernhardt PW, Mulholland MR. CO2

Trichodesmium N2 fixation, photosynthesis, growth rates,

control of

and elemental ratios: implications for past, present, and future
ocean biogeochemistry. Limnol Oceanogr 2007; 52(4): 1293—
1304. doi: 10.4319/10.2007.52.4.1293

IPCC. Climate Change 2007: The Physical Science Basis.
Contribution of Working Group I to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change.
[Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt
KB, Tignor M, Miller HL (eds.)]. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA 2007;
996.

IPCC. Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change
[Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK,
Boschung J, Nauels A, Xia Y, Bex V and Midgley PM (eds.)].
Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, 2013; 1535.

IPCC. Climate Change 2014: Impacts, Adaptation, and
Vulnerability. Part B: Regional Aspects. Contribution of
Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change [Barros VR, Field
CB, Dokken DJ, Mastrandrea MD, Mach K], Bilir TE,
Chatterjee M, Ebi KL, Estrada YO, Genova RC, Girma B,
Kissel ES, Levy AN, MacCracken S, Mastrandrea PR, White
LL (eds.)]. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA 2014; 688.

Jiang ZP, Tyrrell T, Hydes DJ, Dai M, Hartman SE. Variability
of alkalinity and the alkalinity-salinity relationship in the
tropical and subtropical surface ocean. Global Biogeochem
Cycles 2014; 28(7):729-742. doi: 10.1002/ 2013gb004678

Joshua NA. Climate Change, Ecology and Management of
Tropical Floodplain Lakes: A review. Discovery, 2022, 58(316),
285-292

Kleypas JA, Buddemeier RW, Archer D, Gattuso JP, Opdyke
BN, Langdon C. Geochemical consequences of increased
atmospheric carbon dioxide on coral reefs. Sci 1999; 284
(5411):118-120. doi: 10.1126/science.284.5411.118

Kroeker JK, Kordas LR, Crim R, Hendriks EI, Ramajo L, Singh
SG, Carlos M, Duarte MC, Gattuso J. Impacts of ocean
acidification on marine organisms: quantifying sensitivities
and interaction with warming. Glob Change Biol 2013; 19(6)
:1884-1896. doi: 10.1111/gcb.12179

Climate Change 10, elcc1015 (2024)

29.

30.

31.

32.

33.

34.

35.

36.

Laika HE, Goyet C, Vouve F, Poisson A, Touratier F.
Interannual properties of the CO2 system in the Southern
Ocean south of Australia. Antarct Sci 2009; 21(6):663-680. doi:
10.1017/50954102009990319

Landschiitzer P, Gruber N, Haumann FA, Rodenbeck C,
Bakker DC, van-Heuven S, Hoppema M, Metzl N, Sweeney C,
Takahashi T, Tilbrook B, Wanninkhof R. The reinvigoration of
the Southern Ocean carbon sink. Sci 2015; 349(6253):1221-4.
doi: 10.1126/science.aab2620

Le Quéré C, Andrew RM, Friedlingstein P, Sitch S, Hauck ],
Pongratz J, Pickers PA, Korsbakken JI, Peters GP, Canadell JG,
Arneth A, Arora VK, Barbero L, Bastos A, Bopp L, Chevallier
F, Chini LP, Ciais P, Doney SC, Gkritzalis T, Goll DS, Harris I,
Haverd V, Hoffman FM, Hoppema M, Houghton RA, Hurtt
G, Ilyina T, Jain AK, Johannessen T, Jones CD, Kato E, Keeling
RF, Goldewijk KK, Landschiitzer P, Lefevre N, Lienert S, Liu
Z, Lombardozzi D, Metzl N, Munro DR, Nabel JEMS,
Nakaoka S, Neill C, Olsen A, Ono T, Patra P, Peregon A,
Peters W, Peylin P, Pfeil B, Pierrot D, Poulter B, Rehder G,
Resplandy L, Robertson E, Rocher M, Rédenbeck C, Schuster
U, Schwinger ], Séférian R, Skjelvan I, Steinhoff T, Sutton A,
Tans PP, Tian H, Tilbrook B, Tubiello FN, van-der-Laan-
Luijkx IT, van-der-Werf GR, Viovy N, Walker AP, Wiltshire
AJ, Wright R, Zaehle S, Zheng B. Global Carbon Budget. Earth
Syst Sci Data 2018; 10:2141-2194. doi: 10.5194/essd-10-2141-
2018

Lee K, Tong LT, Millero FJ, Sabine CL, Dickson AG, Goyet C,
Oark GH, Wanninkhof R, Feely RA, Key RM. Global
relationships of total alkalinity with salinity and temperature
in surface waters of the world’s oceans. Geophys Res Lett
2006; 33:1-5. doi: 10.1029/2006GL027207

Lewis E, Wallace DWR. Program Developed for CO2 System
Calculations (ORNL/CDIAC-105) Oak Ridge, TN: Oak Ridge
National Laboratory, US Dept of Energy, 1998.

Meredith M, Naveira P, Garabato AC, Hogg AM, Farneti R.
Sensitivity of the overturning circulation in the Southern
Ocean to decadal changes in wind forcing. J Clim 2012; 25
(1):99-110. doi: 10.1175/2011JCLI4204.1

Mikaloff-Fletcher SE, Gruber N, Jacobson AR, Doney SC,
Dutkiewicz S, Gerber M, Follows M, Joos F, Lindsay K,
Menemenlis D, Mouchet A, Miiller SA, Sarmiento JL. Inverse
estimates of anthropogenic CO2 uptake, transport, and
storage by the ocean. Global Biogeochem Cycles 2006; 20(2):1-
16. doi: 10.1029/2005GB002530

Millero FJ, Degler EA, O’Sullivan DW, Goyet C, Eischeid G.
The carbon dioxide system in the Arabian Sea. Deep-Sea Resh
Part II: Top Stud Oceanogr 1998; 45(10-11):2225-2252.

11 of 13


https://www.science.org/doi/10.1126/science.284.5411.118#con1
https://www.science.org/doi/10.1126/science.284.5411.118#con2
https://www.science.org/doi/10.1126/science.284.5411.118#con3
https://www.science.org/doi/10.1126/science.284.5411.118#con5
https://www.science.org/doi/10.1126/science.284.5411.118#con5
https://pubmed.ncbi.nlm.nih.gov/?term=Kroeker+KJ&cauthor_id=23505245
https://pubmed.ncbi.nlm.nih.gov/?term=Hendriks+IE&cauthor_id=23505245
https://pubmed.ncbi.nlm.nih.gov/?term=Duarte+CM&cauthor_id=23505245

REPORT | OPEN ACCESS

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Orr JC, Fabry V], Aumont O, Bopp L, Doney SC, Feely RA,
Gnanadesikan A, Gruber N, Ishida A, Joos F, Key RM,
Lindsay K, Maier-Reimer E, Matear R, Monfray P, Mouchet A,
Najjar RG, Plattner GK, Rodgers KB, Sabine CL, Sarmiento JL,
Schlitzer R, Slater RD, Totterdell IJ, Weirig MF, Yamanaka Y,
Yool A. Anthropogenic Ocean acidification over the twenty-
first century and its impact on calcifying organisms. Nat 2005;
437(7059):681-6. doi: 10.1038 /nature04095

Orr JC. Recent and future changes in ocean carbonate
chemistry. Gattuso JP, Hansson L (Eds.), Ocean Acidification,
Oxford University Press 2011; 41-66.

Poisson A, Chen CTA. Why is little anthropogenic CO2 in
Antarctic Bottom water. Deep Sea Res Part I Oceanogr Res
Pap 1987; 34(7):1255-1276.

Raven J, Caldeira K, Elderfield H, Hoegh-Guldberg O, Liss P,
Riebesell U, Shepherd ], Turley C, Watson A. Ocean
acidification due to increasing atmospheric carbon dioxide. R
Soc 2005.

Regnier P, Arndt S, Goossens N, Volta C, Laruelle GG,
Modelling
Biogeochemical Dynamics: From the Local to the Global Scale.
Aquat Geochem 2013; 19:591-626. doi: 10.1007/s10498-013-
9218-3

Riebesell U, Kortzinger A, Oschlies A. Sensitivities of marine
carbon fluxes to ocean change. Proc Natl Acad Sci U S A 2009;
106(49):20602-9. doi: 10.1073/pnas.0813291106

Riebesell U, Zondervan I, Rost B, Tortell PD, Zeebe RE, Morel
FM. Reduced calcification of marine plankton in response to
increased atmospheric CO2. Nat 2000; 407(6802) :364-7. doi:
10.1038/35030078

Rivaro P, Messa R, Massolo S, Frache R. Distributions of

carbonate properties

Lauerwald R, Hartmann ]J. Estuarine

along the water column in the
Mediterranean Sea: Spatial and temporal variations. Mar
Chem 2010; 121(1):236-245. doi: 10.1016/j.marchem.2010.05.
003

Rohling EJ, Abu-Zied R, Casford JSL, Hayes A, Hoogakker
BAA. The marine environment: Present and past. In:
Woodward JC (ed.), The Physical Geography of the
Mediterranean. Oxford University Press, ISBN: 978-0-19-92
6803-0, 2009; 33-67.

Sabine CL, Feely RA, Gruber N, Key RM, Lee K, Bullister JL,
Wanninkhof R, Wong CS, Wallace DW, Tilbrook B, Millero FJ,
Peng TH, Kozyr A, Ono T, Rios AF. The oceanic sink for
anthropogenic CO2. Sci 2004; 305(5682):367-71. doi: 10.1126/
science.1097403

Climate Change 10, elcc1015 (2024)

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Sabine CL, Feely RA, Wanninkhof R, Takahashi T, Khatiwala
S, Park GH. The global ocean carbon cycle. Bull Am Meteorol
Soc 2011; 92(6):5100 — S108. doi: 10.1175/1520-0477-92.6.51
Sabine CL, Tanhua T. Estimation of anthropogenic CO2
inventories in the ocean. Ann Rev Mar Sci 2010; 2:175-98. doi:
10.1146/annurev-marine-120308-080947

Schneider A, Tanhua T, Kortzinger A, Wallace DWR. High
anthropogenic carbon content in the Eastern Mediterranean, J
Geophys Res 2010; 115:C12050. doi: 10.1029/2010JC006171
Schneider A, Wallace DWR, Kortzinger A. Alkalinity of the
Mediterranean Sea. Geophys Res Lett 2007; 34(15):28842. doi:
10.1029/2006GL028842

Solomon S, Qin D, Manning M, Chen Z, Marquis M, Averyt
KB, Tignor M, Miller HL. eds. Climate change 2007:
thephysical science basis. Contribution of Working Group I to
the Fourth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA 2007; 996.
Takahashi T, Olarfsson ], Goddard ]G, Chipman DW,
Sutherland SC. Seasonal variation of CO, and nutrients in the
high-latitude surfalce oceans: a comparative study. Global
Biogeochem Cycles 1993; 7(4):843-878. doi: 10.1029/9
3GB02263

Thomas H, Bozec Y, Elkalay K, DE Baar HJW, Borges AV,
Schiettecatte LS. Controls of the surface water partial pressure
of CO2 in the North Sea. Biogeosciences 2005; 2(4): 323-334.
Touratier F, Goyet C. Impact of the Eastern Mediterranean
Transient on the distribution of anthropogenic CO2 and first
estimate of acidification for the Mediterranean Sea. Deep Sea
Research Part I Oceanogr Res Pap 2011; 58(1):1-15. doi:
10.1016/j.dsr.2010.10.002

Touratier F, Guglielmi V, Goyet C, Prieur L, Pujo-pay M,
Conan P, Falco C. Distribution of the carbonate system prop-
erties, anthropogenic CO2, and acidification during the 2008
BOUM cruise (Mediterranean Sea). Biogeosci Discuss 2012;
9:2709-2753. doi: 10.5194/bgd-9-2709-2012

Weiss RF. Carbon dioxide in water and sea water: the
solubility of a Carbon dioxide in water and sea water: the
solubility of a non-ideal gas. Mar Chem 1974; 2:203-215.
Wijffels S, Roemmich D, Monselesan D, Church ], Gilson J.
Ocean temperatures chronicle the ongoing warming of Earth.
Nat Clim Change 2016; 6:116-118.

Yoshimura T, Sugie K, Endo H, Suzuki K, Nishioka J, Ono T.
Organic matter production response to CO2 increase in open
subarctic plankton communities: Comparison of six
microcosm experiments under iron-limited and-enriched

bloom conditions. Deep Sea Res I 2014; 94:1-14.

12 0f 13



REPORT | OPEN ACCESS

59. Yoshimura T, Suzuki K, Kiyosawa H, Ono T, Hattori H, Kuma
K, Nishioka J. Impacts of elevated CO2 on particulate and
dissolved organic matter production: microcosm experiments
using iron-deficient plankton communities in open subarctic
waters. ] Oceanogr 2013; 69:601-618. doi: 10.1 007/s10872-013-
0196-2

60. Zeebe RE, Wolf-gladrow DA. CO2 in Seawater: Equilibrium,
Kinetics, Isotopes. Elsevier Oceanography Series, Amsterdam,
2001; 346.

61. Zweng MM, Reagan JR, Antonov JI, Locarnini RA, Mishonov
AV, Boyer TP, Garcia HE, Baranova OK, Johnson DR, Seidov
D, Biddle MM. World Ocean Atlas 2013, Volume 2: Salinity.
Levitus S Ed., Mishonov A Technical Ed.; NOAA Atlas
NESDIS 2013; 74:39.

Climate Change 10, elcc1015 (2024)

13 of 13



