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Anonymous Referees Nos. 3, 2, and 1, in sequential publication order of their com-
ments, observe that the paper is long and in places difficult to read. Some of the
comments are highly constructive, and in the revision of the paper we have addressed
these. However, we do believe that the language of the Anonymous Referees’ writing
would have been more balanced and therefore more credible and effective if it were
not hidden behind anonymity. We also note that the published comment of Anonymous
Referee 4 is identical to his comment on the earlier manuscript version of the paper.
In both, the Referee mentions an unknown page number and states that we deal “with
sea level rise” in the global carbon balance, which we do not do. At the same time we
find it necessary to point out that if the background calculations in our paper (those now
in Section 7, Appendix, and Section 4) were not easily available to the reader, then the
parameter values for different processes would appear as produced out of nowhere,
making the results difficult or impossible to understand and reproduce. Obviously it is
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an editorial decision whether such supporting calculations should be appended to a
published paper or kept on the Biogeosciences Web Site in an easily accessible form.

Anonymous Referee 3 seems to be critical of what he calls “classical geochemical ap-
proach”, as opposed to coupled earth-system models that are “expected to further our
understanding”. Our approach to an understanding of the global system is not de-
tached from the approach of coupled earth-system models and the two approaches
are equally valid, compatible, and synergistic. In fact, we have written many papers
using coupled earth-system biogeochemical-physical models. This Referee also sug-
gests that we extend our approach to the future acidification of surface ocean waters.
This is indeed a very important issue that ties with the change of the surface ocean as
a CO2 source in pre-industrial and early industrial time to it becoming a CO2 sink due
to the rising atmospheric CO2 (e.g. Andersson and Mackenzie, 2004; Mackenzie et al.,
2004). Clearly, this subject is beyond the scope of the present paper.

The choice of the initial conditions for our computations of CO2 emission (Table 1 in
the paper) is questioned by Anonymous Referee 1. Near the Last Glacial Maximum,
we use the pH and atmospheric CO2 concentration (Sanyal et al., 1995; Palmer and
Pearson, 2003; Petit et al., 1999) to compute total alkalinity. For internal consistency
of the results, we use the reported values of the pH and PCO2 near LGM time over
a range of temperatures (5 to 25◦C) to calculate total alkalinities, rather than making
a guess of one temperature. Then we use these alkalinity values to obtain the pH
and other parameters at the higher atmospheric CO2 concentrations. However, if the
initial value of total alkalinity at 5◦C and 195 ppmv atmospheric CO2 (2.582×10−3 mol-
equivalent/kg) was used throughout, the results would be very similar to those given in
Table 1 of the paper: for example, the pH at 195 ppmv CO2 and 25◦C would decline
from 8.35 to 8.32 and by even smaller amounts at the higher CO2 partial pressures;
DIC would be up to 7% to 8% lower than in the preceding case, which is well within the
10%-range of the DIC values in the modern surface ocean (Takahashi, 1989). In the
paper we also show, as expected (Fig. 2), that effects of slight alkalinity differences on
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the degree of calcite supersaturation of ocean water are much smaller than those of
temperature. We also do not think that the nature of the available data justifies a choice
of highly precise values for the initial conditions. Such choices are often subsequently
ignored as, for example, in the much used application to a wide range of conditions
of the value of what became known as the Revelle factor: originally, it was calculated
by Bacastow and Keeling (1973) for an average surface ocean water of total alkalinity
2.435×10−3 mol-equivalent/liter, temperature 19.59◦C, chlorinity 19.24 per mil, and
initial pH = 8.271.

Anonymous Referee 2 writes that our new parameter θ is identical to Ψ of Frankig-
noulle et al. (1994), whereas Anonymous Referee 1 states that the two factors are
conceptually different and not comparable. We want to clarify this misunderstanding
below.

1. Parameter Ψ is “released CO2: precipitated carbonate ratio” that estimates the re-
lease of carbon dioxide from seawater (Frankignoulle et al., 1994). This parameter was
calculated at different constant atmospheric CO2 concentrations and different temper-
atures. In this respect, and as long as an equilibrium is assumed to exist between
dissolved and atmospheric CO2, Ψ defines carbon dioxide transfer across the air-sea
interface due to calcium carbonate precipitation under certain conditions.

2. Our parameter θ includes the following conditions beyond those mentioned in the
preceding paragraph: variable carbonate and organic carbon net removal rates from
seawater, and CO2 transfer to an atmosphere that increases its CO2 content. Further-
more, θ also defines CO2 transfer in the presence of dissolved inorganic and organic
carbon inputs to the system.

3. Neither θ nor, as far as we understand, Frankignoulle et al. Ψ have anything to do
with the specific ecological or hypsometric conditions or the physical scales of shallow
and open sections of the ocean. Each parameter defines emission of CO2 as a func-
tion of certain biogeochemical processes that are not specific to any particular site or

S306

http://www.biogeosciences.net/bgd.htm
http://www.biogeosciences.net/bgd/1/S304/bgd-1-S304_p.pdf
http://www.biogeosciences.net/bgd/1/429/comments.php
http://www.biogeosciences.net/bgd/1/429/
http://www.copernicus.org/EGU/index.html


BGD
1, S304–S309, 2004

Interactive
Comment

Full Screen / Esc

Print Version

Interactive Discussion

Discussion Paper

c© EGU 2004

ecosystem. Biological precipitation of CaCO3 with release of CO2 occurs both in phy-
toplankton (coccoliths) and phytobenthos (calcareous algae), as well as in zooplankton
(e.g. foraminifera, pteropods) and zoobenthos (e.g. foraminifera, molluscs, corals). If
primary producers use only CO2 in photosynthesis then the process has no effect on
total alkalinity that in our paper is defined as comprising the bicarbonate, carbonate,
borate, hydroxyl, and H+ ionic species. In a more detailed definition of total alkalinity
that includes nitrate, ammonium, and phosphate ions, photosynthesis and respiration
do affect alkalinity (Stumm and Morgan, 1981, pp. 193–195; Zeebe and Wolf-Gladrow,
2001, pp. 7–8, 33–36, 51–52). If HCO−

3 in photosynthesis were taken from the environ-
ment and H+ were produced within the cells or OH− retained there, then total alkalinity
of the external seawater might have been affected. However, carbon concentrating
mechanisms in photosynthesizing cells produce higher CO2 concentrations than are
available to the organism in the surrounding water (Raven, 2003). The present state of
knowledge of this mechanism indicates uptake of both HCO−

3 and H+ from the external
environment with no effect on total alkalinity (Raven, personal communication, 2004).

4. It is important to reiterate that our calculation of the CO2 fluxes across the air-sea
interface is based on the net removal of CaCO3 and organic carbon from the surface
layer. Inclusion in our calculation of such features as the physical separation of the sur-
face layer from the sediments in the deep ocean, and the downwelling and upwelling
fluxes would require better information and data on the mechanisms that may drive
part of the produced CO2 from the surface layer to the atmosphere and part into down-
welling, and the return of alkalinity by upwelling to the surface layer. Although such
processes may have to be considered in an analysis of a time-dependent course of the
carbon cycle evolution, we point out on pp. 433, 447, and 458 that the transition history
of the carbon cycle from LGM to pre-industrial time is outside the scope of our paper,
primarily because the variations of individual fluxes are not sufficiently well known at
centurial to dekamillenial time scales. It should also be noted that the methodology
of the CO2 emission calculation that is based on the volume of a global euphotic zone
applies to any smaller section of a surface water layer of a reduced area or volume. We
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focus on the CO2 production and emission across the air-sea interface due to calcium
carbonate precipitation and organic carbon storage; we expand the theoretical treat-
ment to an open system with inorganic and organic carbon inputs; and we estimate the
CO2 fluxes at the Last Glacial Maximum and the end of pre-industrial time, correcting
some of the perceived atmospheric and land reservoir imbalances in the global carbon
cycle.
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