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Abstract. Increased ocean acidification from fossil fuel CO2
invasion, from temperature-driven changes in respiration,
and from possible leakage from sub-seabed geologic CO2
disposal has aroused concern over the impacts of elevated
CO2 concentrations on marine life. Discussion of these im-
pacts has so far focused only on changes in the oceanic bulk
fluid properties (1pH, 1[

∑
CO2], etc.) as the critical vari-

able and with a major focus on carbonate shell formation.
Here we describe the rate problem for animals that must ex-
port CO2 at about the same rate at which O2 is consumed. We
analyse the basic properties controlling CO2 export within
the diffusive boundary layer around marine animals in an
ocean changing in temperature (T ) and CO2 concentration
in order to compare the challenges posed by O2 uptake un-
der stress with the equivalent problem of CO2 expulsion.
The problem is more complex than that for a non-reactive
gas, since with CO2 the influence of the seawater carbon-
ate acid-base system needs to be considered. These reactions
significantly facilitate CO2 efflux compared to O2 intake at
equal temperature, pressure and fluid flow rate under typical
oceanic concentrations. The effect of these reactions can be
described by an enhancement factor, similar to that widely
used for CO2 invasion at the sea surface. While organisms
do need to actively regulate flow over their surface to thin
the boundary layer to take up enough O2, this seems to be
not necessary to facilitate CO2 efflux. Instead, the main im-
pacts of rising oceanic CO2 will most likely be those asso-
ciated with classical ocean acidification science. Regionally,
as with O2, the combination ofT , P and pH/pCO2 creates a
zone of maximum CO2 stress at around 1000 m depth.

1 Introduction

Modern climate change concerns over ocean chemical im-
pacts arise from two primary issues: metabolic or respiratory
stress imposed by rising temperature and the inevitably asso-
ciated decline in dissolved O2 (e.g.Shaffer et al., 2009), and
the impacts of the increase of CO2 content in the oceans.

The primary result of CO2 uptake is ocean acidification,
the effects of which on both calcification and the more gen-
eral systemic metabolic stress is a subject that has been
intensely studied in recent years. While theRoyal Society
(2005) and Caldeira et al.(2005) give an overview over
the state-of-the-art of ocean acidification research almost a
decade ago,Field et al.(2011) details the newer develop-
ments andBrewer(2013) gives an overview over the history
of ocean acidification in the 20th century. However, ocean
acidification research so far has not yet addressed possible
associated respiratory gas exchange limitations for CO2.

In a companion paper (Hofmann et al., 2012), we ad-
dressed the problem of changingT and O2 in terms of gas
uptake rates across the animal respiratory surface diffusive
boundary layer for typical oceanic profiles with depth. Here
we describe the related problem for the required CO2 export
that must over time match the equivalent O2 import.

The rise in concern over ocean acidification from the in-
vasion of fossil fuel CO2 (e.g.Caldeira and Wickett, 2003,
2005; Royal Society, 2005; Blackford and Gilbert, 2007;
Meehl et al., 2007; IPCC, 2007; Zeebe et al., 2008) has
lead to increased attention to the potential impact of elevated
ocean CO2 levels on marine animals. The early plans for di-
rect ocean CO2 sequestration, first advocated byMarchetti
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(1977), as a means of mitigating the impacts of climate
change drew little attention. But as plans for experimental
testing of this scheme at a site off Hawaii surfaced opposi-
tion soon arose (Haugan, 2003). The first expressions of this
from the general public were unspecific and the scientific
community soon realised that far too little authoritative in-
formation was available (Kita and Ohsumi, 2004). The early
laboratory experiments that were carried out showed impacts
of elevated CO2 (low pH) on calcification in marine species
(Gattuso et al., 1998), and potential coralline impacts are to-
day a major field of scientific study (Orr et al., 2005).

The first small-scale experimental field test of true deep-
sea CO2 injection (Brewer et al., 1999) aroused great interest
and was important in resolving numerous complex physico-
chemical issues such as the role of hydrate formation and the
lifetime and fluid dynamics of the material. Images of a deep-
sea fish swimming within a few centimetres of the released
liquid CO2 drew attention and general concerns over possi-
ble sub-lethal stress on deep-sea animals quickly became a
matter of debate.

Seibel and Walsh(2001, 2003) reviewed the existing liter-
ature and inferred that impaired physiological performance
would occur for many deep-sea animals under elevated CO2
levels and noted in particular that “oxygen transport proteins
are highly sensitive to changes in pH.” The matter of deep-
sea CO2 injection was carefully evaluated in a major IPCC
report (Caldeira et al., 2005) and the concern that deep-sea
animals “would experience serious problems in oxygen sup-
ply under conditions of increased CO2 concentrations” was
reiterated, but a numerical framework within which to ad-
dress this was not reported. The possible linkage between
O2 and CO2 impacts on the functioning of marine animals
remains to be formally addressed. While here we do not ad-
dress the internal functioning of any animal, we do seek to
describe the limits imposed by the chemistry of the oceanic
external boundary layer.

The challenge today is to find ways to combine the ef-
fects of simultaneous changes inT , O2 and CO2 within
the same conceptual and numerical framework so that more
quantitative estimates of impacts can be made. The result
of long term changes in the ocean’s oxygen status under
global warming have been studied and modelled extensively
(e.g. Zhang et al., 2010; Rabalais et al., 2010; Pẽna et al.,
2010) and, e.g.,Shaffer et al.(2009) concluded that the sub-
oxic (≤ 10 µmol O2 kg−1) and hypoxic (≤ 80 µmol O2 kg−1)
oceanic regions would greatly expand. The long-term evo-
lution of the coupled atmospheric and oceanic thermal and
CO2 signals under various scenarios has been extensively
modelled (e.g.Sarmiento and Toggweiler, 1984; Siegen-
thaler and Wenk, 1984; Sarmiento et al., 1995; Archer et al.,
1998; Archer, 1999; Sabine et al., 2004; Archer, 2005; IPCC,
2007; Archer et al., 2009; Allen et al., 2009; Allison et al.,
2009). However, the impact of these combined effects on ma-
rine life remains uncertain.

Here we analyse the physical limits that apply, and by the
use of simple physical and thermodynamic relationships we
shed important light on the differing thermodynamic efficien-
cies of the mechanisms and routes taken by the O2 and CO2
molecules as they exchange in the boundary between the ani-
mal and the bulk fluid. In order to minimise respiratory acido-
sis and associated detrimental effects (e.g.Perry et al., 2010)
as a result of CO2 build-up inside an animal, it is obvious that
CO2 must be exported from the cell to keep the respiration
reaction energetically favourable and efficient. To maintain
mass balance, the rate of CO2 export must be stoichiometri-
cally related to O2 consumption. By analysing the process by
which CO2 is transferred from the outer membrane through
the diffusive boundary layer to the bulk ocean, it is possi-
ble to better evaluate the relative impacts of O2 and CO2
stress and more accurately predict the impacts of climate-
ocean CO2 changes on marine life.

In this paper, we investigate the diffusive limitation of CO2
export as compared to the equivalent diffusive limitation of
O2 uptake, which we have reported in a companion paper
Hofmann et al.(2012).

It is important to note that we are not addressing here the
internal impacts on animal chemical functioning. We simply
ask the question of whether, when faced with external CO2
levels that could impair function, the animal must resort to in-
creasing physical flow over the surface, or whether the same
boundary layer thickness required for O2 import is still suf-
ficient to support the equivalent, ocean chemistry enhanced,
CO2 export.

2 Materials and methods

A list of symbols and abbreviations used throughout this pa-
per can be found in Table1.

2.1 The oceanic CO2 removal potential RPCO2

2.1.1 Deriving the equations step 1: boundary
layer CO2 diffusion with no reaction

As a first order approximation, the CO2 efflux from an
organism that consumes oxygen at a rate ofEO2 (in
µmol s−1 cm−2) can be defined as follows:

ECO2 = EO2 (1)

with the directions of the fluxes being opposite to each other.
We derive our equations by treating diffusion and CO2 re-

activity in seawater in two separate steps. First, we assume no
CO2 reactivity in seawater, and consider only the hypotheti-
cal, purely diffusive CO2 export flux:ECO2

diff . By doing so and
comparing final results including both diffusion and reactiv-
ity to the hypothetical diffusion-only case, we follow estab-
lished practice in this field, asEmerson(1975) illustrated the
enhanced invasion of CO2 into a lake by comparison to the
reaction-free case as well.
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Table 1.List of symbols and abbreviations – listed in the order of their appearance in the manuscript

Symbol Unit Meaning Introduced in

1pH future changes in the bulk oceanic pH (ocean acidification) Abstract
1[
∑

CO2] µmol kg−1 future changes in the bulk oceanic dissolved inorganic carbon concentration Abstract
T K bulk oceanic temperature Abstract
P bar (hydrostatic) pressure Abstract
EO2 µmol s−1 cm−2 oxygen consumption rate per area of gas exchange tissue Sect.2.1.1
ECO2 µmol s−1 cm−2 carbon dioxide expulsion rate per area of gas exchange tissue Sect.2.1.1

E
CO2
diff µmol s−1 cm−2 hypotheticalcarbon dioxide expulsion rate per area of gas exchange tissue if

CO2 was not reactive in seawater
Sect.2.1.1

DBL diffusive boundary layer around the gas exchange tissue of an organism Sect.2.1.1

E
CO2
diff, tissue-lim µmol s−1 cm−2 hypotheticaldiffusion-only carbon dioxide expulsion rate per area of gas ex-

change tissue if only the tissue was to cross, with no DBL around the organism
Sect.2.1.1

E
CO2
diff, DBL-lim µmol s−1 cm−2 hypotheticaldiffusion-only carbon dioxide expulsion rate per area of gas ex-

change tissue if only the DBL was to cross, with no tissue barrier
Sect.2.1.1

ρSW kg cm−3 in situ density of seawater Sect.2.1.1, Eq. (4)
DCO2 cm2 s−1 molecular diffusion coefficient for CO2 Sect.2.1.1, Eq. (4)
LCO2 cm DBL thickness Sect.2.1.1, Eq. (4)
1pCO2|DBL µatm CO2 partial pressure difference across the DBL Sect.2.1.1, Eq. (4)
K0′CO2 mol kg−1 atm−1

(µmol kg−1 µatm−1)
apparent Henry’s constant for CO2 at in situ conditions Sect. 2.1.1, defined in

Eq. (5)
[CO2] mol kg−1 in situ oceanic carbon dioxide concentration. Note that this is the true car-

bon dioxide only concentration, not the total inorganic carbon concentration
[
∑

CO2].

Sect.2.1.1, Eq. (5)

pCO2 ([CO2], T , S, P ) atm in situ oceanic carbon dioxide partial pressure as a function of carbon dioxide
concentration, temperature, salinity, and hydrostatic pressure

Sect.2.1.1, Eq. (5)

S salinity Sect.2.1.1, Eq. (10)
EF enhancement factor: factor by which the true CO2 export fluxECO2 is higher

than the hypothetical, diffusion only fluxECO2
diff . EF is a function ofLCO2, T ,

S, P and pH.

Sect.2.1.2, defined in Eqs
10and9

pHfreescale pH value on the “free” pH scale (Dickson, 1984) Sect.2.1.2, Eq. (10)
ak cm reacto-diffusive length scale: a relation between the diffusion speed (diffusion

coefficient) and the reaction-speed (rate constants) of the considered carbonate
system reactions

Sect. 2.1.2, defined in
Eq. (11)

k+1 s−1 forward rate constant of the reaction of CO2 and H2O (Eq.7) Sect.2.1.2, Eq. (11)
k+4 kg mol−1 s−1 forward rate constant of the reaction of CO2 and OH− (Eq.8) Sect.2.1.2, Eq. (11)
[OH−

] mol kg−1 ambient oceanic hydroxyl ion concentration Sect.2.1.2, Eq. (12)
KW mol2 kg−2 ion product of water Sect.2.1.2, Eq. (12)
RPCO2 µmol s−1 cm−1 oceanic CO2 removal potential equivalent to the oceanic oxygen supply poten-

tial SPO2 in Hofmann et al.(2012), Eq. (7)
Sect. 2.1.3, newly defined
in Eq. (16)

pCO2|s µatm carbon dioxide partial pressure directly at the organism surface (outside of the
organism, but past the DBL)

Sect.2.1.3

pCO2|f µatm ambient free stream carbon dioxide partial pressure (outside of the DBL) Sect.2.1.3
pCO2|

max
s µatm maximal value that can be assumed forpCO2|s Sect.2.1.4

ECO2
max µmol s−1 cm−2 Maximal, DBL diffusion limited carbon dioxide expulsion rate per area of gas

exchange tissue
Sect.2.2, newly defined in
Eq. (3)

u100 cm s−1 free stream fluid flow velocity over gas exchange surfaces Table2
1pDBL µatm minimal1pCO2|DBL that is able to sustain a given oxygen consumption rate

EO2

Sect. 2.3, defined in
Eq. (19)

pCO2|
min
s µatm minimalpCO2|s that is able to sustain a given oxygen consumption rateEO2 Sect. 2.4, defined in

Eq. (20)
pCO2|

max
f µatm maximalpCO2|f that is able to sustain a given oxygen consumption rateEO2 Sect. 2.5, defined in

Eq. (21)
[CO2]

max
f mol kg−1 maximal in situ oceanic carbon dioxide concentration[CO2] that is able to sus-

tain a given oxygen consumption rateEO2

Sect. 2.6, defined in
Eq. (22)

[
∑

CO2]|
max
f mol kg−1 maximal in situ oceanic dissolved inorganic carbon concentration[

∑
CO2] that

is able to sustain a given oxygen consumption rateEO2

Sect.2.6

pH|
min
f maximal in situ oceanic total scaleDickson(1984) pH that is able to sustain a

given oxygen consumption rateEO2

Sect.2.6

www.biogeosciences.net/10/2409/2013/ Biogeosciences, 10, 2409–2425, 2013
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Gas molecules expelled from or taken up by an organism
have to traverse both, the respiratory tissue and the diffusive
boundary layer (DBL) in the medium surrounding the respi-
ratory tissue on the outside, i.e., the surrounding ocean. In
general, either one of these steps can be the rate limiting step
for the diffusive transport into or out of an organism.

We denoteECO2
diff, DBL-lim as the maximal diffusive flux if

only the diffusive boundary layer would need to be traversed
(no tissue barrier) andECO2

diff, tissue-lim as the maximal diffusive
flux if only the respiratory tissue would need to be traversed
(no boundary layer barrier). We can then write for the diffu-
sive fluxE

CO2
diff (in µmol s−1 cm−2) across both barriers.

E
CO2
diff ≤ min

(
E

CO2
diff, tissue-lim,E

CO2
diff, DBL-lim

)
(2)

Which means, the diffusive flux across both barriersE
CO2
diff

always has to be smaller than or equal to the maximal flux
that the DBL transversion permits (i.e.,E

CO2
diff, DBL-lim ) and we

can write:

E
CO2
diff ≤ E

CO2
diff, DBL-lim (3)

E
CO2
diff, DBL-lim , however, can be expressed as follows:

E
CO2
diff, DBL-lim =

DCO2 ρSW

LCO2 K0′CO2
1pCO2|DBL (4)

whereρSW is the in situ density of seawater (calculated ac-
cording toMillero and Poisson(1981) as implemented in
Hofmann et al.(2010)) in kg cm−3, DCO2 is the molecu-
lar diffusion coefficient for CO2 in cm2 s−1, calculated from
temperature and salinity, e.g., as given inBoudreau(1996,
Chapter 4),LCO2 is the DBL thickness in cm,1pCO2|DBL in
µatm is the partial pressure difference across the DBL, and
whereK0′CO2 is the apparent Henry’s constant for CO2 in
mol kg−1 atm−1 (= µmol kg−1 µatm−1) at in situ conditions:

K0′CO2 =
[CO2]

pCO2 ([CO2],T ,S,P )
(5)

[CO2] in mol kg−1 here is the CO2 concentration and in
the denominatorpCO2 ([CO2],T ,S,P ) in atm is the partial
pressure of CO2 as a function of CO2 concentration, temper-
ature, salinity and hydrostatic pressure, first calculated in the
conventional way from[CO2] using the common mass unit
Henry’s constantK0, calculated according toWeiss(1974)
using potential temperature (θ , Bryden, 1973; Fofonoff,
1977), and the fugacity coefficient for CO2 calculated as
given inZeebe and Wolf-Gladrow(2001) (restated fromKo-
ertzinger, 1999). ResultingpCO2 values are then corrected
for hydrostatic pressure (calculated from given depth values
according toFofonoff and Millard, 1983) according toEnns
et al.(1965).

Combining Eqs. (3) and (4) results in:

E
CO2
diff ≤

DCO2 ρSW

LCO2 K0′CO2
1pCO2|DBL (6)

With this inequality, we can calculate an upper boundary
for the diffusive flux of CO2 out of an animal, as posed by the
barrier of the diffusive boundary layer in the oceanic environ-
ment surrounding it. The true flux will always be lower than
this upper boundary and might be limited by tissue trans-
port (tissue transport limitation is an important and interest-
ing field of research, however, it is out of the scope and in-
tention of the paper presented here).

As effective as gas transport in an animal tissue might be
(and this includes extreme cases where enzyme based tissue-
transport enhancement mechanisms have evolved), the ulti-
mate limit is still the maximal rate that the diffusive bound-
ary layer surrounding the organism allows. Using Eq. (6), we
investigate this ultimate limit here. Furthermore, and more
importantly, this approach allows us to define organism-
independent metrics to describe and compare various oceanic
environments with one another – which is the main goal of
this paper.

2.1.2 Deriving the equations step 2: including boundary
layer CO2 reactivity using the enhancement factor
EF

In contrast to the O2 case, CO2 is reactive in seawater via
acid-base equilibration reactions of the carbonate system
(e.g. Zeebe and Wolf-Gladrow, 2001), the most important
ones being:

CO2 + H2O< − >HCO−

3 + H+ (7)

CO2 + OH−< − >HCO−

3 (8)

While these reactions and other aquatic acid-base equili-
bration reactions can be treated in great detail (e.g.Hofmann
et al., 2008, 2010), very reasonable approximations (Zeebe
and Wolf-Gladrow, 2001) give a dimensionless “enhance-
ment factor” EF that well describes the enhancement of dif-
fusive CO2 transport by the above reactions

EF=
ECO2

E
CO2
diff

= f (LCO2, T , S, P, pHfree scale) (9)

whereECO2 represents the true CO2 flux including the effect
of chemical reactions andEdiff

CO2
is the hypothetical diffusive

flux that would occur if CO2 were not chemically reactive in
seawater, as described in Sect.2.1.1. The dimensionless fac-
tor EF is a function of the thickness of the diffusive bound-
ary layer for CO2, LCO2 in cm, temperatureT in ◦C, salinity
S, hydrostatic pressureP in bar, and the ambient pH on the
free scale pHfree scale. It can be calculated for plane geome-
try, which is used here as a first order approximation for any
biologic gas exchange surface, as follows:

EF=
LCO2

ak

coth

(
LCO2

ak

)
(10)
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A. Hofmann et al.: Kinetic bottlenecks to chemical exchange rates 2: Carbon Dioxide 2413

with ak in cm being the reacto-diffusive length scale for CO2
diffusion and the reactions given in Eqs. (7) and (8), which
can be calculated as:

ak =

√
DCO2

k+1 + k+4 [OH−]
(11)

Again, the molecular diffusion coefficient for CO2 in
cm2 s−1, DCO2, can be calculated as a function ofS, T and
P . k+1 is the forward rate constant in s−1 of the reaction of
CO2 and H2O (Eq.7) andk+4 is the forward rate constant in
kg mol−1 s−1 of the reaction of CO2 and OH− (Eq. 8), both
(k+1 andk+4) can be calculated as functions of temperature
T , as given inZeebe and Wolf-Gladrow(2001). [OH−] is the
hydroxyl ion concentration in mol kg−1 calculated as

[OH−
]=

KW

10−pHfree scalemol
kg

(12)

whereKW in mol2 kg−2 is the ion product of water, calcu-
lated (KW is here calculated afterMillero (1995) as imple-
mented inHofmann et al.(2010)) as a function of tempera-
tureT and salinityS.

While the notion of considering CO2 reactivity in the DBL
is not a new one (Bolin, 1960; Quinn and Otto, 1971; Emer-
son, 1975), the well-known textbook byZeebe and Wolf-
Gladrow (2001) restated and summarised the concept in a
concise manner: we, thus, use the definition and nomencla-
ture presented there. As Eq. (11) features kinetic reaction
constants and not equilibrium constants and, therefore, repre-
sents a relation between the kinetics of diffusion and CO2 re-
action in seawater, the “enhancement factor“ concept is ide-
ally suited to treat cases where the CO2 system will not reach
equilibrium in the DBL, but CO2 reactivity still plays a major
role in enhancing the diffusive CO2 flux through the DBL.
To illustrate the orders of magnitude of quantities involved
in typical cases: typical values for diffusion coefficientDCO2

are on the order of 10−9 m2 s−1 and boundary layer thick-
nesses usually range between 10−2 to 10−4 m, while charac-
teristic times for the reaction of CO2 and H2O (Eq. 7) are
in the order of 10 s and for the reaction of CO2 and OH−

(Eq. 8) in the order of 10−7 s (all values here:Zeebe and
Wolf-Gladrow, 2001) – so in most cases there will be enough
time for CO2 to significantly react with the carbonate system
of seawater, a fact that is reflected in respective EF values
> 1.

Note thatZeebe and Wolf-Gladrow(2001) also define a
“spherical” version of EF which is meant for microorgan-
isms where the effective thickness of the DBL (i.e.,LCO2

here) is equal to the radius of the sphere (e.g.,Zeebe and
Wolf-Gladrow, 2001). While being a valuable description for
plankton and unicellular algae, for any other (i.e., macro-
scopic) organism, the planar description is more appropri-
ate: while there will be a specific description for each animal
shape, gas exchange tissue shape and size, mode of swim-
ming and pumping, etc., there will always be a dependency

on the flow velocity across the gas exchange tissue. The pla-
nar surface description is the most generic and widely appli-
cable description that allows for such a parameterisation and
we, therefore, use it here.

Using EF we can write an equation for the CO2 export
flux from an organism (in µmol s−1 cm−2), considering both
diffusion and CO2 reactivity in seawater

ECO2 = E
CO2
diff EF (13)

Using Eq.6, for E
CO2
diff , this means:

ECO2 ≤
DCO2 ρSW K0′CO2 EF

LCO2
1pCO2|DBL (14)

2.1.3 DefiningRPCO2 equivalently to SPO2

In order to define a quantity similar to the oceanic oxygen
supply potentialSPO2 in the oxygen companion paper (Hof-
mann et al., 2012, Eq. 7), we now multiply both sides of the
equation with the DBL thicknessLCO2.

ECO2 LCO2 ≤ DCO2 ρSW K0′CO2 EF 1pCO2|DBL (15)

The equivalent mathematical reformulation for O2 (transi-
tion from Eqs. (5)–(6) inHofmann et al., 2012) yields a right-
hand side of the equation (Eq. 6 inHofmann et al., 2012),
that is not a function of the DBL thickness anymore. In the
companion paper, this allows us to define the oceanic oxygen
supply potentialSPO2 as a purely oceanic property that is in-
dependent of any animal specific boundary layer thickness.
In the CO2 case here, EF on the right-hand side of Eq. (15)
is still a function of the DBL thickness. To obtain a quan-
tity comparable to the CO2 case, we nevertheless define the
oceanic CO2 removal potential (in µmol s−1 cm−1) by con-
sidering the limiting case, i.e., the maximal upper boundary
for the CO2 removal rate, as follows:

RP CO2 := DCO2 ρSW K0′CO2 EF 1pCO2|DBL (16)

whereRPCO2 depends on a model description for the DBL.
Again, we use a generic planar surface description as given
in Table 2 (adapted for CO2 from Hofmann et al.(2012),
Table 1).

While being simplified, the description for the DBL thick-
ness implemented here (Table2) reproduces the general non-
linear dependency ofLCO2 on the fluid flow velocityu100,
and the dependency of this relation on temperature. Although
for real animals, considerable fine structure of gas exchange
tissues may exist, the physical forcing required to change the
thickness of this layer will follow the same physical laws.
The limit case ofu100 → 0 would yieldLCO2 → ∞. This ex-
ample formulation forLCO2 as a function ofu100 is, thus, not
defined in a physically meaningful way for zero flow veloc-
ity and should not be used for the completely stagnant water

www.biogeosciences.net/10/2409/2013/ Biogeosciences, 10, 2409–2425, 2013
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Table 2.Expressing the DBL thicknessL as a function of water flow velocity: a generic planar surface description.

The DBL thickness for CO2 LCO2 can be expressed as the fraction of the temperature-dependent molecular
diffusion coefficientDCO2 for CO2 in cm2 s−1, calculated from temperature and salinity as given inBoudreau
(1996, Chapter 4) using the implementation in the R package marelac (Soetaert et al., 2010), and the mass
transfer coefficientKCO2 (Santschi et al., 1991; Boudreau, 1996)

LCO2 =
DCO2

KCO2

(T1)

KCO2 can be calculated for CO2 from the water-flow induced shear velocityu′ in cm s−1 and the dimensionless
Schmidt numberSc for CO2 (as calculated by linearly interpolating two temperature dependent formulations
for S = 35 andS = 0 in Wanninkhof(1992) with respect to

KCO2 = a u′ Sc−b
CO2

(T2)

with parametersa and b: Santschi et al.(1991): a = 0.078, b =
2
3 ; Shaw and Hanratty(1977) (also given

in Boudreau, 1996): a = 0.0889,b = 0.704; Pinczewski and Sideman(1974) as given inBoudreau(1996):
a = 0.0671,b =

2
3 ; Wood and Petty(1983) as given inBoudreau(1996): a = 0.0967,b =

7
10. Due to small

differences we use averaged results of all formulations.

u′ can be calculated from the ambient current velocity at 100 cm away from the exchange surfaceu100 and the
dimensionless drag coefficientc100 (Sternberg, 1968; Santschi et al., 1991; Biron et al., 2004)

u′
= u100

√
c100 (T3)

c100 is calculated from the water flow velocityu100 as (Hickey et al., 1986; Santschi et al., 1991)

c100= 10−3
(
2.33− 0.0526|u100| + 0.000365|u100|

2
)

(T4)

case. A minimum ofu100 = 0.5 cm s−1 can be seen as an
operational lower limit.

While the termRPCO2 itself does depend on the DBL
properties,RPCO2 with EF = 1 can be interpreted as ahy-
pothetical“purely diffusive” oceanic CO2 removal potential,
a quantity that is not dependent on a DBL model descrip-
tion. However, due to the high reactivity of CO2 in seawa-
ter, the applicability ofRPCO2 with EF = 1 is limited. The
more realistic quantity with real physico-chemical meaning,
however, isRPCO2 with EF as calculated above in Eq. (10).
We point out that the planar boundary layer propertyLCO2-
description here (as well as the planar EF description) is
meant to be generic for large scale oceanic comparison and
works very well for all, but the very smallest (i.e., microbial)
scales (Zeebe and Wolf-Gladrow, 2001), which are not con-
sidered here. The sensitivity of our calculations with respect
to relative fluid flow velocities across gas exchange tissues
(the combination of ambient current flow and animal activ-
ity like swimming or pumping, see Sect.3.1) are explored in
Sect.3.1and AppendixA.
RPCO2 depends on the CO2 partial pressure differen-
tial 1pCO2|DBL = (pCO2|s−pCO2|f) across the DBL with
pCO2|f being the ambient free streampCO2 value and
pCO2|s being thepCO2 value directly at the organism sur-
face. Here, we investigate outer envelopes of diffusive CO2
export limitations, i.e., we are interested in maximal values
for RPCO2. 1pCO2|DBL and, thus,RPCO2 are maximal when
pCO2|s is maximal.

2.1.4 pCO2|
max
s , an exemplary maximal value for the

CO2 partial pressure in molecular contact with an
organism

The sensitivity of marine animals to elevated internalpCO2
levels varies with species and life stage. Absolute limits are
hard to define, as knowledge about the effects of acute hy-
percapnia is still limited (see, e.g.,Caldeira et al., 2005; Po-
ertner et al., 2005). Almost nothing is know about the limits
for pCO2 or pH in diffusive molecular contact with the out-
side of the gas exchange surface of an organism. However, to
calculate maximalRPCO2 values, Eq. (16) requires a maxi-
mal value forpCO2|s, which exactly represents this maximal
pCO2 directly at the (gas exchange) surface of an organism.
For the example calculations given here, comparing various
oceanic regions amongst each other, we use one single, con-
stant valuepCO2|s =pCO2|

max
s = 5000 µatm. If attained in

the external medium, thispCO2 would produce effects such
as narcosis and mortality in sensitive organisms (Caldeira
et al., 2005).

Since, a certain limitpCO2 value in the free stream entails
a higherpCO2 value in molecular contact with the organ-
ism surface, and effects forpCO2 = 5000 µatm are reported
in Caldeira et al.(2005) for only the most sensitive organ-
isms, choosingpCO2|s =pCO2|

max
s = 5000 µatm is a rather

low estimate for a limit value, likely overestimating the CO2
removal limitation in our calculations.
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While we are aware thatpCO2|s = pCO2|
max
s = 5000 µatm is

an assumption serving mainly exemplary purposes here, us-
ing one single constant value effectively also removes species
dependency from the calculation ofRPCO2. The calculation
may easily be repeated by substituting known species spe-
cific values. The sensitivity of our calculations with respect
to pCO2|s are explored below.

2.2 Maximal CO2 diffusion limited metabolic rate ECO2
max

Analogous to the oxygen quantity Emax (Hofmann et al.,
2012, Eq. 9), we can define a maximal metabolic rate (CO2
export and, thus, O2 import) that diffusive limitation of CO2
export would allow:

ECO2
max :=

RPCO2

LCO2
=

DCO2 ρSW K0′CO2 EF

LCO2
1pCO2|DBL (17)

Here, we use the same generic description forLCO2 (given
in Table2 as used for the EF definition Eq.10.)

2.3 Required1pCO2|DBL for a given EO2

Similar to the O2 quantityCf (Hofmann et al., 2012, Eq. 12),
we can define a quantity that is not dependent on the exter-
nal CO2 content of the water. To explicitly include the de-
pendence of gas exchange on partial pressure and the de-
pendency of partial pressure on hydrostatic pressure (Enns
et al., 1965), we assume a given oxygen uptake rateEO2 (in
µmol s−1 cm−2), experimentally determined at diffusivities
and DBL thicknesses equal to the respective in situ values,
but at one atmosphere.

As stated in Eq. (1), we assumeECO2 = EO2, with the flux
directions defined as opposite. Therefore, we can calculate
the required CO2 partial pressure differential (in µatm) that
is able to support a given metabolic rate (O2 import and, thus,
CO2 export) by making use of Eq. (14).

1pCO2|DBL ≥
EO2 LCO2

DCO2 ρSW K0′CO2
E EF

(18)

whereK0′CO2
E is the apparent Henry’s constant (calculated

as eluded to above) at “experimental” conditions, i.e., at the
conditions at whichEO2 was determined, most notably one
atmosphere. Again, considering the limiting case of a mini-
mal partial pressure differential that satisfies Eq. (18), we can
define as follows:

1pDBL :=
EO2 LCO2

DCO2 ρSW K0′CO2
E EF

(19)

For exemplary purposes, we useEO2 = 20× 10−7 µmol
s−1 cm−2, consistent with the oxygen companion paperHof-
mann et al.(2012), e.g., Sect. 3.3. and Fig. 5.

2.4 Required minimal pCO2|s for given external condi-
tions and givenEO2

Having calculated the minimally requiredpCO2 gradient
1pDBL to sustain a givenEO2 (and associatedECO2) from
Eq. (19), a minimally requiredpCO2 (in µatm) in molecu-
lar contact with the gas exchange surface of the organism
can be calculated by using a given, pressure corrected (Enns
et al., 1965) free stream (i.e., bulk ocean) CO2 partial pres-
surepCO2|f :

pCO2|
min
s =pCO2|f + 1pDBL (20)

2.5 Maximal pCO2|f for given EO2 and
assumedpCO2|s

Similarly, the maximal external free streampCO2 permitting
the efflux required for metabolic balance can be calculated.
If the (maximal) CO2 partial pressurepCO2|s in contact with
the respiratory surface that permits normal functioning of the
animal is given, then:

pCO2|
max
f =pCO2|s−1pDBL (21)

For illustrative purposes, we again assume
pCO2|s =pCO2|

max
s = 5000 µatm for calculations here.

2.6 Limiting external conditions for given EO2 and
assumedpCO2|s

The quantitypCO2|
max
f can then be used to calculate the

maximal, in situ, CO2 concentration in the free stream bulk
medium that is required for an experimentally observed CO2
demand to be supported as in:

[CO2]
max
f =pCO2|

max
f K0′CO2 (22)

WhereK0′CO2 in mol kg−1 atm−1 is the apparent in situ
Henry’s constant as calculated above (Eq.5).

The property[CO2]
max
f can then be used to calculate lim-

iting bulk fluid ocean conditions (e.g., maximal[
∑

CO2] :
[
∑

CO2]|
max
f , minimal total scale pH: pH|min

f , etc.) that can
balance the required CO2 consumption. Bulk fluid conditions
here are calculated in the programming language R with the
acid-base chemistry routines implemented in the R extension
package AquaEnv (Hofmann et al., 2010), with theMillero
et al. (2006) equilibrium constants for the carbonate system
and all other constants being the standard AquaEnv formula-
tions with references given there.[

∑
(BOH)3], [

∑
H2SO4],

and [
∑

HF] are estimated from salinity S as given inDOE
(1994) and Dickson et al. (2007). Conversions between
free scale and total scale pH are done as implemented in
AquaEnv.

2.7 External conditions: present-day and future values

In order to compare our derived example limiting free-
stream conditions (maximalpCO2, [

∑
CO2], and minimal
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Fig. 1. Oceanographical data taken fromGoyet et al. (2000)
and limited to shallower depths when discontinuities occurred
deeper. Top row: total dissolved inorganic carbon concentration
[
∑

CO2]. Central row: total alkalinity concentration [TA]. Bottom
row: carbon dioxide partial pressurepCO2. (SC: Southern Cali-
fornia (120.5◦ W, 29.50◦ N); CH: Chile (75.5◦ W, 33.5◦ S); WP:
Western Pacific (126.5◦ E, 11.5◦ N), WA: Western Africa (6.5◦ E,
15.5◦ S), MD: Mediterranean (18.5◦ E, 35.5◦ N); BB: Bay of Ben-
gal (87.5◦ E, 18.5◦ N)).

pH) to present-day conditions we use data from the alka-
linity and dissolved inorganic carbon climatology ofGoyet
et al.(2000) for a location off the coast of Southern Califor-
nia (SC: 120.5◦ W, 29.50◦ N) and other stations around the
world (CH: Chile (75.5◦ W, 33.5◦ S); WP: Western Pacific
(126.5◦ E, 11.5◦ N), WA: Western Africa (6.5◦ E, 15.5◦ S),
MD: Mediterranean (18.5◦ E, 35.5◦ N); BB: Bay of Bengal
(87.5◦ E, 18.5◦ N)), consistent with the oxygen companion
paperHofmann et al.(2012) (Sect. 4 and captions to Figs. 1–
3 and 5–7, and Table 2). Particularly, the Southern Califor-
nia region is selected since it is well studied, and the eastern
Pacific region shows strong vertical gradients in both CO2
and CO2, thus, encompassing a wide range of oceanic val-
ues. Depth profiles of CO2 related oceanographic data for
those stations is shown in Fig1.

While all open oceanic stations are rather similar in
all oceanographic variables used for our calculations (see
Fig. 1), the Mediterranean station (MD) has been deliber-
ately included as an outlier to illustrate the influence of nat-
ural variability on our defined quantities. The Mediterranean
is indeed a true outlier here, since it is markedly warmer
(≈ 14◦C at 1000 m vs.≈ 4◦C for the other stations at 1000 m
(not shown)), and alkalinity values are significantly higher
(Fig. 1). Since temperature is a key variable for our calcu-
lated quantities and the effect of alkalinity on the carbonate
system and, thus, the enhancement factor EF plays a large
role, too, the defined quantities here are markedly different
for the Mediterranean than for all other stations. Details will
be discussed in the following section.

For future conditions, we note that atmosphericpCCO2
may approximately triple from pre-industrial by the end
of the century (e.g.IPCC, 2007; Meehl et al., 2007) with
well predicted oceanic CO2 system consequences (e.g.Zeebe
et al., 2008; Allison et al., 2009). We, therefore, assume
a tripled pCCO2 at all depths with associated increase in
[
∑

CO2] and decrease in pH, assuming constant alkalin-
ity while recognising that it will take several hundred years
given the slow pace of oceanic mixing for changes of such
scale to appear at depth.

3 Results and discussion

3.1 Sensitivity ofRPCO2 and ECO2
maxWith respect to

relative flow velocity u100 and pCO2|
max
s

The two derived quantities central to this paper,RPCO2

and ECO2
max, are functions of the input parametersu100 and

pCO2|
max
s . Both parameters are not accessible via typical

oceanographic data and our calculations rely on assumed
constant values for those parameters. Figure2 illustrates how
our derived quantities depend on those input parameters and
how those dependencies are modulated by temperature and
hydrostatic pressure (here, water depth). This allows for a
placement of our assumed values foru100 and pCO2|

max
s
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Fig. 2.Sensitivity of derived quantitiesRPCO2 (the oceanic CO2 removal potential) and ECO2
max (the maximal CO2 diffusion limited metabolic

rate) with respect to the free stream fluid flow velocityu100 and the maximal CO2 partial pressure in molecular contact with the organism
surface ((pCO2|s =) pCO2|

max
s ). Left panel, upper row: the enhancement factor EF as a function of the free stream fluid flow velocityu100

and temperatureT . [
∑

CO2] = 1900 µmol kg−1, [TA] = 2050 µmol kg−1, S = 34, detph = 100 m, latitude = 30◦. Central panel, upper row:
example depth profiles at the Southern California (SC: 120.5◦ W, 29.50◦ N) station (data fromGoyet et al., 2000) of RPCO2, calculated with
varying free stream fluid flow velocitiesu100 and assuming EF = 1.pCO2|

max
s = 5000 µatm. Right panel, upper row: example depth profiles

at the Southern California (SC) station ofRPCO2, calculated with varying values for the CO2 partial pressure in molecular contact with the

organism surface (pCO2|s =) pCO2|
max
s . u100= 6 cm s−1. Left panel, bottom row: ECO2

max as a function of the free stream fluid flow velocity
u100 and temperatureT . [

∑
CO2] = 1900 µmol kg−1, [TA] = 2050 µmol kg−1, S = 34, detph = 100 m, latitude = 30◦, pCO2|

max
s = 5000 µatm.

Central panel, bottom row: example depth profiles at the Southern California (SC) station of ECO2
max, calculated with varying free stream fluid

flow velocitiesu100 and assuming EF = 1.pCO2|
max
s = 5000 µatm.u100 = 6 cm s−1 for the calculation ofLCO2 in the EF = 1 case. Right

panel, bottom row: Example depth profiles at the Southern California (SC) station of ECO2
max, calculated with varying values for the CO2 partial

pressure in molecular contact with the organism surface (pCO2|s =) pCO2|
max
s . u100= 6 cm s−1.

within the range of generally possible values. AppendixA
contains a more detailed description of Fig.2. Thehypothet-
ical case assuming no CO2 reactivity (EF = 1) is included in
the central column of Fig.2 solely for the purpose of illus-
trating – by comparison to results with realistic EF values –
the importance of CO2 reactivity in seawater.

Note that here, we consideru100 the relative current ve-
locity over gas exchange tissues, i.e., a combination of ambi-
ent current flow and animal activity like swimming or pump-
ing. Respiratory gas transport across the gas-exchange sur-
face diffusive boundary layer is a critical property, such that
animals typically work to control flow and, thus, manage the
supply of their respiratory rate needs. However, there clearly

are cases where the physically driven external flow field
is controlling (Patterson and Sebens, 1989; Shashar et al.,
1993) and is reflected in the physical distribution of organ-
isms. Basically, fluid flow velocity and changes therein can
be seen as a measure of energy required to maintain respi-
ratory needs. Whether this required energy will be supplied
by the energy contained in ambient flow or is a result of
(energy-consuming) animal activity like pumping or swim-
ming is deliberately not distinguished here, as energy budget
calculations inside of animals would be outside the scope of
this paper.

Our treatment is valid for both, pelagic organisms and ben-
thic dwellers. However, since for pelagics swimming and
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Fig. 3. Example depth profiles of EF calculated according to
Eq. (10) with u100= 6 cm s−1. pCO2|

max
s = 5000 µatm. Oceano-

graphical data are taken fromGoyet et al.(2000) and limited to
shallower depths when discontinuities occurred deeper (SC: South-
ern California (120.5◦ W, 29.50◦ N); CH: Chile (75.5◦ W, 33.5◦ S);
WP: Western Pacific (126.5◦ E, 11.5◦ N), WA: Western Africa
(6.5◦ E, 15.5◦ S), MD: Mediterranean (18.5◦ E, 35.◦ N); BB: Bay
of Bengal (87.5◦ E, 18.5◦ N)).

pumping activities might be determining flow over their gas
exchange tissues more than ambient flow, and due to the
lack of detailed measured flow field data, depth profiles pre-
sented here are calculated with exemplary, constant flow ve-
locities (2 cm s−1 and 6 cm s−1 – see captions of figures).
While movement to ventilate gas exchange surfaces still mat-
ters, for benthic dwellers, ambient flow is more important
(e.g.Feder and Burggren, 1985; Feder and Pinder, 1988; Pin-
der and Feder, 1990), and can be included in calculations of
our quantities. For stations in Santa Monica Bay and Basin,
for example, the bulk of seasonal mean ambient flow values
have been reported to be between stagnant water and about
10 cm s−1 and only occasional excursions above 10 cm s−1

(Hickey et al., 2003), which is similar to flow velocities we
use for our calculations here (1–8 cm s−1, e.g., Fig.2).

3.2 CO2 export limitation quantities along depth
profiles for various stations around the world ocean

3.2.1 CO2 reactivity: the enhancement factor EF

CO2 is highly reactive in seawater, expressed here by the en-
hancement factor EF (Fig3), which is central to all quantities
defined in this paper. Due to its dependency on [OH−], EF
depends positively on pH (see Eqs.10 to 12). Therefore, EF
profiles differ between stations mainly for depths shallower
than 500 m due to different pH and temperature profiles.
The dependency of EF on pH can also explain the markedly
higher EF and, thus,RPCO2 values for the Mediterranean
(MD) compared to other stations, as the Mediterranean pro-

file exhibits higher alkalinity (central panels of Fig.1) and a
resulting higher pH (not shown).

3.2.2 Maximal DBL diffusion limited CO 2 export flux:
ECO2

max

The oceanic carbon dioxide removal potentialRPCO2 has
been introduced here to define a quantity equivalent and com-
parable to theoceanic oxygen supply potentialSPO2 defined
in the companion paper (Hofmann et al., 2012, Eq. 7). But the
better quantity to look at to assess the ability of the ocean to
remove respiratory CO2 from the organism through the diffu-
sive boundary layer is the quantity ECO2

max. ECO2
max is linearly re-

lated toRPCO2 via the boundary layer thicknessLCO2, which
is constant when calculated using a constantu100. Depth pro-
files for RPCO2 are given in AppendixB for completeness,

however, only depth profiles of ECO2
max are shown in Fig.4 and

are discussed here.
While being obviously dominated by EF values, ECO2

max pro-
files show the influence of differingpCO2 profiles, especially
at deeper depths (bottom panels of Fig.1). Off the coast of
Chile (station CH), a clearpCO2 maximum can be identified
shallower than 500 m (bottom left panel of Fig.1), which re-
sults in a local dip in ECO2

max values (top left panel of Fig.4),
and which is due to a local[

∑
CO2] maximum (top left panel

of of Fig. 1). This depth region corresponds to the local oxy-
gen minimum in this location as described in the companion
paperHofmann et al.(2012) (Sect. 4.1., Table 2, and Fig. 1),
and nicely illustrates the close relationship between local O2
and CO2 impacts.

3.2.3 CO2 partial pressure difference needed to sustain
a given metabolic rate:1pDBL

The top panels of Fig.5 show depth profiles of1pDBL , the
CO2 partial pressure differential across the DBL that is re-
quired to sustain the CO2 export resulting from a given oxy-
gen uptake. It can clearly be seen, that1pDBL increases with
depth and decreasing temperature, meaning at depth and es-
pecially in colder waters there is more driving force needed
to transport CO2 through the DBL. The1pDBL profiles are
rather similar for all stations, with a pronounced difference
for the Mediterranean (MD) station, due to the higher tem-
peratures and [TA] values (see also Fig.1).

In the bottom panels of Fig.5, depth profiles ofpCO2|
min
s ,

the minimal CO2 partial pressure in molecular contact with
the organism external surface that is required to drive a given
metabolic flux across the DBL, are given. As was to be ex-
pected, the general shapes of the profiles are dominated by
ambientpCO2 profiles (Fig.1). However, at deeper depths
pCO2|

min
s profiles are clearly offset to higher values as com-

pared to ambientpCO2 profiles (Fig.1) due to the higher
1pDBL values at depth.
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Fig. 4. Example depth profiles of the derived diffusive CO2 ex-

port limitation quantity ECO2
max (the maximal CO2 diffusion lim-

ited metabolic rate).pCO2|
max
s = 5000 µatm. Oceanographical data

are taken fromGoyet et al. (2000) and limited to shallower
depths when discontinuities occurred deeper (SC: Southern Cali-
fornia (120.5◦ W, 29.50◦ N); CH: Chile (75.5◦ W, 33.5◦ S); WP:
Western Pacific (126.5◦ E, 11.5◦ N), WA: Western Africa (6.5◦ E,
15.5◦ S), MD: Mediterranean (18.5◦ E, 35.5◦ N); BB: Bay of Ben-
gal (87.5◦ E, 18.5◦ N)).

3.3 Will diffusive CO2 transport across the DBL
become limiting in the future?

From thepCO2|
max
f (the maximalpCO2 in the free stream

that can support a given metabolic rate) profile for the South-
ern California (SC) station, we calculated the resulting set of
limiting external conditions: the maximal external dissolved
inorganic carbon concentration[

∑
CO2]

max
f , and the mini-

mal free stream, total scale pH pH|
min
f (Fig. 6, black lines).

The blue lines in Fig.6 are present-day ambient conditions
for comparison, extracted from theGoyet et al.(2000) cli-
matology. It can be seen that present-day ambient conditions
are far away from the calculated limit conditions. However,
crudely assumed future conditions (i.e., a tripling ofpCO2 in
the whole water column by appropriate theoretical addition
of dissolved inorganic carbon; red lines in Fig.6), show that
there is a region of about 700 m in depth at this station, where
diffusive CO2 export across the DBL could become close to
limiting in the future for the given scenario.

3.4 Is diffusive DBL transport of CO2 or of O2
more limiting?

While, for completeness,RPCO2 andSPO2 profiles are given
and compared in AppendixB, the better quantity pair to
compare DBL transport limitations between O2 and CO2, is
the pair EO2

max (called Emax in Hofmann et al., 2012, Eq. 9,
Sects. 3.2. and 4.2., Table 2 and Fig. 3) and ECO2

max, as both
quantities similarly depend on the DBL thickness. Figure7
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Fig. 5. Example depth profiles of the derived diffusive CO2
export limitation quantities based on a given metabolic rate
EO2 = 20× 10−7 µmol s−1 cm−2. Top panel:1pDBL (the minimal
CO2 partial pressure differential across the DBL required to sus-
tain a given metabolic rate). Bottom panel:pCO2|

min
s (the min-

imal CO2 partial pressure in molecular contact with a gas ex-
change surface that sustains a given metabolic rate under given
external oceanic conditions). Oceanographical data are taken from
Goyet et al.(2000) and limited to shallower depths when dis-
continuities occurred deeper (SC: Southern California (120.5◦ W,
29.50◦ N); CH: Chile (75.5◦ W, 33.5◦ S); WP: Western Pacific
(126.5◦ E, 11.5◦ N), WA: Western Africa (6.5◦ E, 15.5◦ S), MD:
Mediterranean (18.5◦ E, 35.5◦ N); BB: Bay of Bengal (87.5◦ E,
18.5◦ N)).

compares EO2
max and ECO2

max profiles for the Southern Califor-
nia station (SC) calculated with different free stream wa-
ter velocitiesu100. Even comparing EO2

max values calculated
with u100= 6 cm s−1 (orange line), to ECO2

max values calculated
with u100= 2 cm s−1 (blue line), which artificially favours
CO2 limitation, shows a strong dominance of diffusive DBL
oxygen uptake limitation over diffusive DBL carbon diox-
ide export limitation. Comparing present-day EO2

max values
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Fig. 6.Example depth profiles for the Southern California example station (SC, 120.5◦ W, 29.50◦ N) of limiting external conditions calculated
based on derived diffusive CO2 export limitation quantities assuming a given metabolic rateEO2 = 20× 10−7 µmol s−1 cm−2 and a given
maximal pCO2 in molecular contact with the gas exchange surfacepCO2|

max
s = 5000 µatm. Left panel:pCO2|

max
f (the maximal CO2 partial

pressure in the external bulk free stream that sustains a given metabolic rate; black line), compared to present-day ambientpCO2 values
(blue line) and assumed “future”pCO2 values (red line, a tripledpCO2 in the whole water column). Center panel:[

∑
CO2]|

max
f (the

maximal dissolved inorganic carbon concentration, as calculated frompCO2|
max
f , sustaining a given metabolic rate; black line) compared to

present-day[
∑

CO2] values (blue line) and assumed “future”[
∑

CO2] values (red line; consistent with a tripledpCO2 in the whole water
column). Right panel: pH|min

f (the minimal external total scale pH, as calculated frompCO2|
max
f , sustaining a given metabolic rate; black

line), compared to present-day total scale pH values (blue line), and assumed ‘future” pH values (red line; consistent with a tripledpCO2 in
the whole water column). Oceanographical data are taken fromGoyet et al.(2000).

with ECO2
max calculated with assumed future conditions (i.e., a

tripled pCO2 throughout the whole water column, red line),
still reveals a dominance of diffusive oxygen limitation over
diffusive carbon dioxide export limitation. This is without
assuming any future decline in oceanic oxygenation, which
would decrease EO2

max values even further and would, thus,
amplify the dominance of oxygen limitation over carbon
dioxide limitation.

Additionally important to note is that the value forpCO2|s
used here is deliberately chosen to be comparatively low, i.e.,
only the most sensitive organisms show reactions inCaldeira
et al. (2005), so that the defined CO2 limiting quantities
likely overestimate the CO2 removal limitation. So when
compared to the equivalent oxygen supply limitation quan-
tities, highest conceivable CO2 export limitations are con-
sidered. Still, diffusive oxygen uptake limitation seems to be
dominant, due to the chemical enhancement of the diffusive
CO2 export.

4 Conclusions and outlook

The ocean is now undergoing simultaneous warming, loss of
CO2 and rising CO2 levels. The impact of changes in each
of these properties draws intense scientific scrutiny, but ways
in which the ensemble effect can be estimated are few. In
a first attempt to address the combined impactsBrewer and
Peltzer(2009) defined a “respiration index” which linked the
ratios ofpO2 to pCO2 via the simple form of the Gibbs’ free
energy equation. This paper, by converting traditional prop-

erties such as a simple mass values for [O2] into the partial
pressures that can accommodate changing temperature and
correctly represent the driving force for respiration, is an at-
tempt to assess the relative hospitability of certain ocean re-
gions to support aerobic respiration (e.g.Mayol et al., 2010).

Our findings here, and in the oxygen companion paper,
that it is energetically easier to transport CO2 away from
an organism due to the chemical enhancement term than to
bring O2 towards it which requires physical changes in dif-
fusive boundary layer thickness, suggests a route towards an
improved function. In this function, estimating only physical
processes originating in the external ocean, declines inpO2
would be given more weight than increases inpCO2.

Although neither impact is positive for marine life, con-
sidering only diffusive limitation effects, global warm-
ing/declining O2 is most likely a greater threat to most
oceanic life than is oceanic uptake of anthropogenic CO2.
However, there might be further respiratory effects of CO2
input and acidification that are not considered here: such as
oxygen transport mechanisms in animals are impacted by an
elevated proton concentration (e.g.Seibel and Walsh, 2003)
and the decrease of the free energy yield of the respiration
reaction (Brewer and Peltzer, 2009).

Of course, as already widely studied and well known,
ocean acidification due to anthropogenic CO2 uptake of the
oceans results in a decrease in the carbonate ion concen-
tration with negative effects on biogenic calcification. Ani-
mals will have to expend energy in an effort to reduce the
loss of carbonate shell protection. This means O2 dependent
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Fig. 7. Example depth profiles for the Southern California example
station (SC, 120.5◦ W, 29.50◦ N) of diffusive carbon dioxide export
limitation quantities as defined here, compared to equivalent diffu-
sive oxygen uptake limitation quantities defined in the companion

paperHofmann et al.(2012): ECO2
max (the maximal CO2 diffusion

limited metabolic rate), calculated with various given values for the
fluid flow velocity u100, and current and futurepCO2 conditions,

compared to EO2
max (the maximal O2 diffusion limited metabolic

rate, calculated according toHofmann et al.(2012) with various
u100 values and current oxygenation conditions). Oceanographical
data for CO2 are taken from theGoyet et al.(2000) climatology.
Oceanographical data for O2 are taken from theGarcia et al.(2010)
oxygen climatology.

processes will have to be increased, in principle favouring
non-calcifying organisms in high CO2 low O2 regions and,
thus, establishing a more direct linkage between O2 and CO2
in the ocean.

Appendix A

Details on the Sensitivity ofRPCO2 and ECO2
max with respect

to u100 and pCO2|
max
s

A1 Oceanic CO2 removal potential: RPCO2

The left panel in the upper row of Fig.2 shows that the EF
dependency onu100 (the relative current velocity over gas
exchange tissues, a combination of ambient current flow and
animal activity like swimming or pumping) is dominated by
the dependency of the DBL thicknessLCO2 on u100 (see
Table 2 and the companion paperHofmann et al.(2012)
(Sects. 4.2. and 4.4., and Fig. 4) for details). SinceRPCO2 de-
pends linearly on EF (cf. Eq.16), the EF dependency onu100
exactly mirrors theRPCO2 dependency onu100 (not shown).

Fig. 8. Example depth profiles of the derived diffusive CO2 ex-
port limitation quantityRPCO2 (the oceanic CO2 removal poten-
tial), calculated using the chemical enhancement factor EF ac-
cording to Eq. (10) with u100= 6 cm s−1. pCO2|

max
s = 5000 µatm.

Oceanographical data are taken fromGoyet et al.(2000) and lim-
ited to shallower depths when discontinuities occurred deeper (SC:
Southern California (120.5◦ W, 29.50◦ N); CH: Chile (75.5◦ W,
33.5◦ S); WP: Western Pacific (126.5◦ E, 11.5◦ N), WA: Western
Africa (6.5◦ E, 15.5◦ S), MD: Mediterranean (18.5◦ E, 35.5◦ N);
BB: Bay of Bengal (87.5◦ E, 18.5◦ N)).

Fig. 9. Example depth profiles for the Southern California example
station (SC, 120.5◦ W, 29.50◦ N) of diffusive carbon dioxide export
limitation quantities as defined here, compared to equivalent diffu-
sive oxygen uptake limitation quantities defined in the companion
paperHofmann et al.(2012): RPCO2 (the oceanic CO2 removal po-

tential) calculated withu100= 2 cm s−1 and current ambientpCO2
values (black line) and assumed “future” tripledpCO2 values (blue
line), compared toSPO2 (the oceanic oxygen supply potential, cal-
culated according toHofmann et al., 2012).
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EF, a key variable determiningRPCO2, increases with in-
creasing temperature, roughly two-fold for a temperature in-
crease from 1◦C to 25◦C (top left panel of Fig.2). The gen-
eral dependency of EF onu100 is not affected by temperature.

The central panel in the top row of Fig.2 shows that
RPCO2 increases by about an order of magnitude in theu100
range sampled, with the largest steps being exhibited for
small u100, which is consistent with the steep part of the
curve of the EF dependency onu100 for u100 values below
approximately 3 cm s−1.

The hypothetical case of no CO2 reactivity (EF = 1) is in-
cluded here, purely to show the importance of CO2 reactiv-
ity by comparison to the plots with realistic EF. With EF = 1
there would be no dependency ofRPCO2 on u100, but this
hypothetical case is, as was to be expected, equivalent to
very large values ofu100. Consistently, the lowest values for
RPCO2 are obtained for the hypothetical EF = 1 case.

The right panel in the top row of Fig.2 illustrates
the linear dependency ofRPCO2 on the CO2 partial pres-
sure limit value in molecular contact with the organism
(pCO2|s =) pCO2|

max
s . RPCO2 values increase from about 2

10−6 µmol s−1 to about 20× 10−6 µmol s−1, whenpCO2|max
s

increases from 2000 µatm to 20000 µatm.

A2 Maximal DBL diffusion limited CO 2 export flux:
ECO2

max

The left panel in the bottom row of Fig.2 shows that ECO2
max

increases steeply with increasingu100, onceu100 has values
above approximately 3 cm s−1. Below a free stream velocity
of 3 cm s−1, ECO2

max is virtually independent ofu100. For u100
values larger than 5 cm s−1 the relation is almost linear. The
overall positive correlation of ECO2

max with u100 shows that the
effect of increasing flow decreasing the distance for diffusion
(LCO2 decreases with increasingu100, which increases ECO2

max)
dominates over the effect that this decreased distance allows
for less time for the CO2 system to enhance the diffusive flux
via chemical reactions (EF decreases with increasingu100,
which decreases ECO2

max).
ECO2

max increases with increasing temperature, also about
two-fold for a temperature increase from 1◦C to 25◦C (bot-
tom left panel of Fig.2). It can be seen that the dependency
of ECO2

max onu100 is less pronounced for higher temperatures.
In the purely hypothetical case of EF = 1 (only included

for comparison), one assumes an effect ofu100 onLCO2, i.e.,
decreasing the distance for diffusion with increasing flow ve-
locity, but the effect of chemical enhancement in a thick DBL
is neglected. Therefore, the EF = 1 case here shows the low-
est values for ECO2

max although for the calculation ofLCO2 an
intermediate value of 6 cm s−1 is used foru100. This clearly
illustrates the importance of the inclusion of CO2 reactivity,
i.e., realistic EF values, for estimating values for ECO2

max.

A3 Comparing RPCO2 with ECO2
max

RPCO2 depends on EF which decreases with increasingu100,
i.e., in a thinner boundary layer, there is less time for the CO2
acid-base system to convert CO2 to carbonate and bicarbon-
ate and, thus, effectively remove CO2 itself which enhances
diffusion. However,RPCO2 does not incorporate the fact that
with a thinner boundary layer, there is a shorter way for the
CO2 to diffuse through, since the DBL thicknessLCO2 is re-
moved from the definition to be consistent with the oxygen
quantitySPO2 in the companion paper. The quantity ECO2

max,
however, does include this effect.

Comparing the central panels in upper and bottom rows
of Fig. 2 illustrates the difference in DBL thicknessLCO2

(i.e., u100) dependency ofRPCO2 and ECO2
max. While RPCO2

shows a strong negative correlation withu100 (central panel,
top row Fig.2), ECO2

max, exhibits a moderate positive correla-
tion with u100. As already mentioned above, the effect of less
distance for diffusion with increasingu100 outweighs the ef-
fect of less time for chemical enhancement of the flux with
increasingu100. However, due to the combination of those
two counteracting effects, the net dependency of ECO2

max on
u100 is much less pronounced than the dependency ofRPCO2

on u100. In the central panel of the bottom row of Fig.2, it
can also clearly be seen that the dependency of ECO2

max onu100
is less pronounced at shallower depths with higher tempera-
tures and pH values than at deeper depths with colder tem-
peratures and lower pH values.

The right panel in the bottom row of Fig.2 shows that the
dependency onpCO2|

max
s is similar for ECO2

max andRPCO2.

Appendix B

RPCO2 depth profiles

For comparison to the oceanic oxygen supply potentialSPO2

from companion paperHofmann et al.(2012) (Fig. 2), depth
profiles ofRPCO2 for all stations are given in Fig.8.

Fig. 9 comparesSPO2 (red line) andRPCO2 profiles for
the Southern California station (SC), calculated with a fluid
flow velocity of 2 cm s−1 (black line).SPO2 values are con-
siderably lower thanRPCO2 values throughout the whole wa-
ter column, suggesting that diffusive limitation of oxygen
uptake is dominant over diffusive limitation of respiratory
carbon dioxide export. Comparing present-daySPO2 values
with RPCO2 calculated with assumed future conditions (i.e.,
a tripled pCO2 throughout the whole water column, blue
line), still reveals a dominance of diffusive oxygen limitation
over diffusive carbon dioxide export limitation. And this is
without assuming any decline in oceanic oxygenation, which
would decreaseSPO2 values even further and would, thus,
amplify the dominance of oxygen limitation over carbon
dioxide limitation. It must be noted, however, that, although
both quantities are defined as equivalent as possible,RPCO2
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still depends on the free stream water velocityu100 via the
enhancement factor EF, which makesSPO2 andRPCO2 none
optimal quantities when comparing diffusive oxygen uptake
limitation to diffusive carbon dioxide export limitation.
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