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Abstract. Increased ocean acidification from fossil fuel £0 1 Introduction
invasion, from temperature-driven changes in respiration,

and from possible leakage from sub-seabed geologis CO ) o
disposal has aroused concern over the impacts of elevatdfodern climate change concerns over ocean chemical im-

CO, concentrations on marine life. Discussion of these im-Pacts arise from two primary issues: metabolic or respiratory
pacts has so far focused only on changes in the oceanic bulk{ress imposed by rising temperature and the inevitably asso-
fluid properties ApH, A[Y_ COy], etc.) as the critical vari- C|at¢d decline in dllssolvedﬂe.g.Shaffer.et al.2009, and

able and with a major focus on carbonate shell formation.the impacts of the increase of GOontent in the oceans.

Here we describe the rate problem for animals that must ex- 1he primary result of C@uptake is ocean acidification,
port CO at about the same rate at which i® consumed. We the effects of which on both calcification and the more gen-
analyse the basic properties controlling £xport within eral systemic metabolic stress is a subject that has been
the diffusive boundary layer around marine animals in anintensely studied in recent years. While tReyal Society
ocean changing in temperaturg)(and CQ concentration (2009 and Caldeira et al.(2003 give an overview over

in order to compare the challenges posed byuptake un- the state-of-the-art of ocean acidification research almost a
der stress with the equivalent problem of £éxpulsion.  decade agoField et al.(201]) details the newer develop-
The problem is more complex than that for a non-reactiveMents andrewer(2013 gives an overview over the history
gas, since with C@the influence of the seawater carbon- of ocean acidification in the 20th century. However, ocean
ate acid-base system needs to be considered. These reactigiddification research so far has not yet addressed possible
significantly facilitate CQ efflux compared to @intake at ~ @ssociated respiratory gas exchange limitations fos.CO
equal temperature, pressure and fluid flow rate under typical N & companion paperHofmann et al. 2012, we ad-
oceanic concentrations. The effect of these reactions can bdressed the problem of changiffigand G in terms of gas
described by an enhancement factor, similar to that Wide|yuptake rates across the animal respiratory surface diffusive
used for CQ invasion at the sea surface. While organisms Poundary layer for typical oceanic profiles with depth. Here
do need to actively regulate flow over their surface to thin We describe the related problem for the requirec,@gport

the boundary layer to take up enough, @his seems to be that must over time match the equivalenti@port.

not necessary to facilitate G@fflux. Instead, the main im- The rise in concern over ocean acidification from the in-
pacts of rising oceanic GOwill most likely be those asso- Vvasion of fossil fuel CQ (e.g. Caldeira and Wickeft2003
ciated with classical ocean acidification science. Regionally2005 Royal Society 2005 Blackford and Gilbert 2007,

as with @, the combination of’, P and pHpCO; createsa  Meehl et al, 2007 IPCC, 2007, Zeebe et a).2008 has

zone of maximum C@stress at around 1000 m depth. lead to increased attention to the potential impact of elevated
ocean CQ levels on marine animals. The early plans for di-

rect ocean C@ sequestration, first advocated Marchetti
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(1977, as a means of mitigating the impacts of climate Here we analyse the physical limits that apply, and by the
change drew little attention. But as plans for experimentaluse of simple physical and thermodynamic relationships we
testing of this scheme at a site off Hawaii surfaced opposi-shed important light on the differing thermodynamic efficien-
tion soon aroseHaugan 2003. The first expressions of this cies of the mechanisms and routes taken by thea@ CQ
from the general public were unspecific and the scientificmolecules as they exchange in the boundary between the ani-
community soon realised that far too little authoritative in- mal and the bulk fluid. In order to minimise respiratory acido-
formation was available<jta and Ohsumi2004). The early  sis and associated detrimental effects (Bgyry et al.2010
laboratory experiments that were carried out showed impactas a result of C@build-up inside an animal, it is obvious that
of elevated CQ (low pH) on calcification in marine species CO, must be exported from the cell to keep the respiration
(Gattuso et a).1998, and potential coralline impacts are to- reaction energetically favourable and efficient. To maintain
day a major field of scientific studyDfr et al, 2005. mass balance, the rate of g@xport must be stoichiometri-
The first small-scale experimental field test of true deep-cally related to @ consumption. By analysing the process by
sea CQ injection Brewer et al.1999 aroused great interest which CG, is transferred from the outer membrane through
and was important in resolving numerous complex physico-the diffusive boundary layer to the bulk ocean, it is possi-
chemical issues such as the role of hydrate formation and thble to better evaluate the relative impacts of &hd CQ
lifetime and fluid dynamics of the material. Images of a deep-stress and more accurately predict the impacts of climate-
sea fish swimming within a few centimetres of the releasedocean C@ changes on marine life.
liquid CO, drew attention and general concerns over possi- In this paper, we investigate the diffusive limitation of €O
ble sub-lethal stress on deep-sea animals quickly became export as compared to the equivalent diffusive limitation of
matter of debate. O, uptake, which we have reported in a companion paper
Seibel and Wals2001, 2003 reviewed the existing liter- Hofmann et al(2012.
ature and inferred that impaired physiological performance It is important to note that we are not addressing here the
would occur for many deep-sea animals under elevategl COinternal impacts on animal chemical functioning. We simply
levels and noted in particular that “oxygen transport proteinsask the question of whether, when faced with externa) CO
are highly sensitive to changes in pH.” The matter of deep-levels that could impair function, the animal must resort to in-
sea CQ injection was carefully evaluated in a major IPCC creasing physical flow over the surface, or whether the same
report Caldeira et al.2005 and the concern that deep-sea boundary layer thickness required fop @nport is still suf-
animals “would experience serious problems in oxygen supAicient to support the equivalent, ocean chemistry enhanced,
ply under conditions of increased G@oncentrations” was CO, export.
reiterated, but a numerical framework within which to ad-
dress this was not reported. The possible linkage between ,
O and CQ impacts on the functioning of marine animals 2 Materials and methods
remains to be formally gdqressed. Wh”? here we do not ady i of symbols and abbreviations used throughout this pa-
dress the internal functioning of any animal, we do seek to be found in Table
describe the limits imposed by the chemistry of the oceanicper can
external boundary layer. 2.1 The oceanic CQ removal potential R Pco,
The challenge today is to find ways to combine the ef-
fects of simultaneous changes T O, and CQ within 2.1.1 Deriving the equations step 1: boundary
the same conceptual and numerical framework so that more layer CO,, diffusion with no reaction
quantitative estimates of impacts can be made. The result
of long term changes in the ocean’s oxygen status undeAs a first order approximation, the GCefflux from an
global warming have been studied and modelled extensivelprganism that consumes oxygen at a rate B2 (in
(e.g.Zhang et al.201Q Rabalais et a).201Q Pdia et al,  Mmolstcm=2) can be defined as follows:
2010 and, e.g.Shaffer et al(2009 concluded that the sub- ECO2 _ 02 1)
oxic (< 10 pmol @ kg~1) and hypoxic € 80 pmol @ kg—1)
oceanic regions would greatly expand. The long-term evo-with the directions of the fluxes being opposite to each other.
lution of the coupled atmospheric and oceanic thermal and We derive our equations by treating diffusion and Qe
CO, signals under various scenarios has been extensivelfictivity in seawater in two separate steps. First, we assume no
modelled (e.g.Sarmiento and Toggweiler1984 Siegen- CO; reactivity in seawater, and consider only the hypotheti-
thaler and Wenkl1984 Sarmiento et a].1995 Archer et al, cal, purely diffusive CQ export qux:Ecif?Z. By doing so and
1998 Archer, 1999 Sabine et aJ2004 Archer, 2005 IPCC, comparing final results including both diffusion and reactiv-

2007 Archer et al, 2009 Allen et al, 2009 Allison et al, ity to the hypothetical diffusion-only case, we follow estab-
2009. However, the impact of these combined effects on ma-ished practice in this field, &smerson(1975 illustrated the
rine life remains uncertain. enhanced invasion of GOnto 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
ApH future changes in the bulk oceanic pH (ocean acidification) Abstract
A[Y_COy] pmol kg1 future changes in the bulk oceanic dissolved inorganic carbon concentration Abstract
T K bulk oceanic temperature Abstract
P bar (hydrostatic) pressure Abstract
EC2 pmols 1cm—2 oxygen consumption rate per area of gas exchange tissue 28ett.
ECC2 pmols 1cm—2 carbon dioxide expulsion rate per area of gas exchange tissue 23ett.
Ecif?z pmol s~ cm=2 hypotheticalcarbon dioxide expulsion rate per area of gas exchange tissu&éct.2.1.1
CO, was not reactive in seawater
DBL diffusive boundary layer around the gas exchange tissue of an organism 23etct.
Egﬁytissue_"m pmols 1cm—2 hypotheticaldiffusion-only carbon dioxide expulsion rate per area of gas e$ect.2.1.1
change tissue if only the tissue was to cross, with no DBL around the organism
E&%DBL_"m pmols 1cm—2 hypotheticaldiffusion-only carbon dioxide expulsion rate per area of gas e$ect.2.1.1
change tissue if only the DBL was to cross, with no tissue barrier
PSW kg cn—3 in situ density of seawater Seétl.1 Eq. @)
DCC2 cmés1 molecular diffusion coefficient for CO Sect.2.1.1 Eq. @)
LCC2 cm DBL thickness Secg.1.1 Eq. @)
ApCOz|pBL patm CQ partial pressure difference across the DBL Sedt.1 Eq. @)
KO'CC2 mol kg~ atm1 apparent Henry’s constant for G@t in situ conditions Sect.2.1.1, defined in
(umol kg1 patnt1) Eq. 6)
[COy] mol kg1 in situ oceanic carbon dioxide concentration. Note that this is the true c8ect.2.1.1 Eq. 6)

pCO([COL], T, S, P)

N
EF

PHireescale
ag
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pCOls

pCOs
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max

1100
AppBL

pCOp|T"
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[Y-COpIma
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atm

cm

s 1
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151

1
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patm
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pmols~Lcm=2
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bon dioxide only concentration, not the total inorganic carbon concentration

[>COgl.

in situ oceanic carbon dioxide partial pressure as a function of carbon dioxs@et.2.1.1, Eq. 6)
concentration, temperature, salinity, and hydrostatic pressure

salinity Sect2.1.1 Eq. (0)
enhancement factor: factor by which the true,G@port flux EC©2 is higher Sect.2.1.2 defined in Eqs
than the hypothetical, diffusion only ﬂuzgf?z. EF is a function of.C%, 7, 10and9

S, P and pH.

pH value on the “free” pH scaldckson 1984 Sect.2.1.2 Eq. (10)
reacto-diffusive length scale: a relation between the diffusion speed (diffusiect. 2.1.2 defined in
coefficient) and the reaction-speed (rate constants) of the considered carbdbqt€l 1)

system reactions

forward rate constant of the reaction of €&nd HO (Eq.7)
forward rate constant of the reaction of g&nd OH™ (Eq. 8)
ambient oceanic hydroxyl ion concentration Sect.2 Eq. (12

ion product of water SecR.1.2 Eq. (12
oceanic CQ removal potential equivalent to the oceanic oxygen supply poteBect. 2.1.3 newly defined
tial S Po, in Hofmann et al(2012), Eq. (7) in Eq. (16)

carbon dioxide partial pressure directly at the organism surface (outside of3bet.2.1.3

organism, but past the DBL)

ambient free stream carbon dioxide partial pressure (outside of the DBL) 23e8t.

maximal value that can be assumedf60,|s Sect2.1.4

Maximal, DBL diffusion limited carbon dioxide expulsion rate per area of g&&ect.2.2, newly defined in

Sect.2.1.2 Eq. (11)
Sect.2.1.2 Eq. (11)

exchange tissue Eq. 3)

free stream fluid flow velocity over gas exchange surfaces Table

minimalApCO;|ppL that is able to sustain a given oxygen consumption ratgect. 2.3  defined in

E©2 Eq. (19

minimalpCO,|s that is able to sustain a given oxygen consumption E&te Sect. 2.4, defined in
Eg. 0)

maximalpCO,; that is able to sustain a given oxygen consumption B2~ Sect. 2.5, defined in
Eg. @D

maximal in situ oceanic carbon dioxide concentra{io®;] that is able to sus- Sect. 2.6, defined in

tain a given oxygen consumption rai&2 Eqg. 22

maximal in situ oceanic dissolved inorganic carbon concentrgliofO,] that  Sect.2.6
is able to sustain a given oxygen consumption

maximal in situ oceanic total scalRickson (1984 pH that is able to sustain a Sect.2.6
given oxygen consumption rafe®2
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Gas molecules expelled from or taken up by an organism With this inequality, we can calculate an upper boundary
have to traverse both, the respiratory tissue and the diffusivéor the diffusive flux of CQ out of an animal, as posed by the
boundary layer (DBL) in the medium surrounding the respi- barrier of the diffusive boundary layer in the oceanic environ-
ratory tissue on the outside, i.e., the surrounding ocean. Iment surrounding it. The true flux will always be lower than
general, either one of these steps can be the rate limiting stefhis upper boundary and might be limited by tissue trans-
for the diffusive transport into or out of an organism. port (tissue transport limitation is an important and interest-
We denOtEEtcj:if(f)ZDBL-lim as the maximal diffusive flux if ing field of research, however, it is out of the scope and in-
only the diffusive boundary layer would need to be traversedtention of the paper presented here).
(no tissue barrier) anEc(ﬁf(sztissue-lim as the maximal diffusive As effeptive as gas transport in an animal tissue mighlt be
flux if only the respiratory tissue would need to be traversed(and this includes extreme cases where enzyme based tissue-

(no boundary layer barrier). We can then write for the diffu- fransport enhancement mechanisms have evolved), the ulti-
CO, mate limit is still the maximal rate that the diffusive bound-

sive flux Eg* (in pmol s 1cm2) across both barriers. ! i A
ary layer surrounding the organism allows. Using K&} e
CO, ; COy. . pCo, investigate this ultimate limit here. Furthermore, and more
Far = min (Ed'ﬁ’t'ssue'"m’ Eat DBL"'m> @) importantly, this approach allows us to define organism-
independent metrics to describe and compare various oceanic
Xenvironments with one another — which is the main goal of
this paper.

Which means, the diffusive flux across both barriég};?Z
always has to be smaller than or equal to the maximal flu

that the DBL transversion permits (i.éfé:if%DBL_“m) and we

can write: 2.1.2 Deriving the equations step 2: including boundary
CO; CO; layer CO5 reactivity using the enhancement factor
Egit” = Egift DBL-im ®3) EIBZI 2 yusing

E&%DBL_“m , however, can be expressed as follows: . o .
' In contrast to the @ case, CQ is reactive in seawater via

DCO2 acid-base equilibration reactions of the carbonate system
S o 2 PSW_ 00, (4) :
diff, DBL-im = 7, °Co, x(CO2 IbBL (e.g.Zbe(_abe and Wolf-Gladrow2001), the most important
. o . ones being:
wherepsw is the in situ density of seawater (calculated ac-
cording toMillero and Poisson(1981) as implemented in  CO, + Hp0< — >HCO; +HT (7)

Hofmann et al.(2010) in kgcm3, D2 is the molecu-

lar diffusion coefficient for C@in cn? s1, calculated from

temperature and_ salinity, e.g., as givgrﬁnudreau(lgg_a COz +OH < — >HCO; (8)
Chapter 4) L% is the DBL thickness in cmApCO;)p,, IN _ _ o -
patm is the partial pressure difference across the DBL, and While these reactions and other aquatic acid-base equili-
where K0C%: is the apparent Henry’s constant for €@ bration reactions can be treated in great detail dajmann

mol kgt atm 1 (= umol kg ! patnt 1) at in situ conditions: et al, 2008 2010, very reasonable approximatiorgegbe

and Wolf-Gladrow 2001) give a dimensionless “enhance-

K0QCC2 — [COp] (5) ment factor” EF that well describes the enhancement of dif-
pCO2([COL], T, S, P) fusive CQ transport by the above reactions

[COy] in molkg™! here is the C@ concentration and in ECO2 c

the denominatopCO, ([CO2]. T, S, P) in atm is the partial EF=—5- = f(L O, T, S, P, pHiee scald )

pressure of CQas a function of C@concentration, temper- E it

ature, salinity and hydrostatic pressure, first calculated in th‘?/vhereECOZ represents the true G@lux including the effect
conventional way fromiCQ,] using the common mass unit ¢ chemical reactions andd? is the hypothetical diffusive
He_nrys cons_talnv{o, calculated accgrdlng tWelss]((1972 flux that would occur if CQ were not chemically reactive in
u;mg potgntrl]a ftemp(_aratur@f,r( _Bry fen C1973| FT on(;) ' seawater, as described in Se&til.1 The dimensionless fac-
1. 77)’. and the fugacity coefficient for COcalculated as tor EF is a function of the thickness of the diffusive bound-
given inZeebe and Wo!f—GIadrO\QQOOJ) (restated fronko- ary layer for CQ, LS9 in cm, temperaturd in °C, salinity
ertzingey 1999' ResultingpCO; values are_then corrected S, hydrostatic pressur® in bar, and the ambient pH on the
for hyd_rostatlc pressure (ca_lculated from given depth valuesfree scale phiee scale It can be calculated for plane geome-
according ta~ofonoff and Millard 1983 according teEnns try, which is used here as a first order approximation for any

et al.(1965. bi : i
o ) ologic gas exchange surface, as follows:
Combining Eqgs.3) and @) results in: glcg g
Cco, Cco,
CO, L L
co, D™-2 psw EF= coth 10
Egi~ =< 1.C0: K0/CO2 ApCOy g, (6) ay < ai ) (10)

Biogeosciences, 10, 2402425 2013 www.biogeosciences.net/10/2409/2013/
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with a; in cm being the reacto-diffusive length scale for££O on the flow velocity across the gas exchange tissue. The pla-
diffusion and the reactions given in Egg) @énd @), which nar surface description is the most generic and widely appli-

can be calculated as: cable description that allows for such a parameterisation and
o we, therefore, use it here.
a :\/ D (11) Using EF we can write an equation for the £éxport
ki1+kya [OHT] flux from an organism (in pmols cm~2), considering both

Again, the molecular diffusion coefficient for GGn diffusion and CQ reactivity in seawater

cm?s1, D%, can be calculated as a function $f7" and
P. ki1 is the forward rate constant i of the reaction of
COy and B0 (Eq.7) andk,4 is the forward rate constant in . CO .1 )
kg mol-1s~1 of the reaction of C@and OH" (Eq. 8), both Using Eq.6, for Egig", this means:
(k+1 andk4) can be calculated as functions of temperature co, coy

T, as given irZeebe and Wolf-Gladro(2001). [OH ]isthe ~ gC% < D Pswclgzo' EF
hydroxyl ion concentration in mol kgf calculated as L

Ky 12) 2.1.3 DefiningR Pco, equivalently to S Po,

EC% — S22 EF (13)

APCOZ\DBL (14)

[OH_]:—

1(TprreeS°a'E%)l In order to define a quantity similar to the oceanic oxygen
supply potentials Po, in the oxygen companion papégf-
mann et al.2012 Eq. 7), we now multiply both sides of the
equation with the DBL thickness®®,

where Ky in molP kg2 is the ion product of water, calcu-
lated (Kw is here calculated afteMillero (1995 as imple-
mented inHofmann et al(2010) as a function of tempera-
ture T and salinitys.

While the notion of considering G{eactivity in the DBL CO, 7CO, co, COo,
. : . E~2 L72 <D K0™~%2 EF ApC 15
is not a new oneRolin, 196Q Quinn and Ottp1971 Emer- - psw PCO2100. (15)
son 1979, the well-known textbook byeebe and Wolf- e equivalent mathematical reformulation fos @ransi-
Gladrow (200]) restated and summarised the concept in ajon from Egs. (5)—(6) itHofmann et al.2012) yields a right-
concise manner: we, thus, use the definition and nomenclayang side of the equation (Eq. 6 Hofmann et al. 2012,
ture presented there. As EdL]j features kinetic reaction that js not a function of the DBL thickness anymore. In the
constants and not equilibrium constants and, therefore, represompanion paper, this allows us to define the oceanic oxygen
sents a relation betweer: the kinetics of dlfoS‘I‘OI’\ andg@Q ~ supply potential P, as a purely oceanic property that is in-
action in seawater, the “enhancement factor” concept is idegependent of any animal specific boundary layer thickness.
ally suited to treat cases where the £Xystem will notreach |, the CQ case here, EF on the right-hand side of Eid)(
equilibriumin the DBL, but CQ@reactivity still playsamajor s sil| a function of the DBL thickness. To obtain a quan-
role in enhancing the diffusive GClux through the DBL. ity comparable to the CPcase, we nevertheless define the
To illustrate the orders of magnitude of quantities involved ceanic C@ removal potential (in pmotst cm=2) by con-

in typical cases: typical values for diffusion coefficignt©z sidering the limiting case, i.e., the maximal upper boundary
are on the order of 10 m?s™* and boundary layer thick-  tor the CQ, removal rate, as follows:

nesses usually range betweerrd@ 104 m, while charac-

_teristic times for the reaction of Cz()and HO (Eq.7) are  RPco, := D2 po\y KOC©2 EF ApCOpipg, (16)

in the order of 10s and for the reaction of g¢@nd OH"

(Eq. 8) in the order of 107 s (all values here:Zeebe and whereR Pco, depends on a model description for the DBL.

Wolf-Gladrow, 2001) — so in most cases there will be enough Again, we use a generic planar surface description as given

time for CQ to significantly react with the carbonate system in Table 2 (adapted for CQ from Hofmann et al.(2012),

of seawater, a fact that is reflected in respective EF valueJable 1).

> 1. While being simplified, the description for the DBL thick-
Note thatZeebe and Wolf-Gladrow200]) also define a ness implemented here (Tal@ereproduces the general non-

“spherical” version of EF which is meant for microorgan- linear dependency af©©2 on the fluid flow velocityu 1o,

isms where the effective thickness of the DBL (i.£5%2 and the dependency of this relation on temperature. Although

here) is equal to the radius of the sphere (eZgebe and for real animals, considerable fine structure of gas exchange

Wolf-Gladrow, 2001). While being a valuable description for tissues may exist, the physical forcing required to change the

plankton and unicellular algae, for any other (i.e., macro-thickness of this layer will follow the same physical laws.

scopic) organism, the planar description is more appropri-The limit case ofi10o — 0 would yield L2 — oco. This ex-

ate: while there will be a specific description for each animalample formulation fo.“®2 as a function ofi1gois, thus, not

shape, gas exchange tissue shape and size, mode of swimefined in a physically meaningful way for zero flow veloc-

ming and pumping, etc., there will always be a dependencyity and should not be used for the completely stagnant water

www.biogeosciences.net/10/2409/2013/ Biogeosciences, 10, 24(2%-2013
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Table 2. Expressing the DBL thickneds as a function of water flow velocity: a generic planar surface description.

The DBL thickness for CQ LC%2 can be expressed as the fraction of the temperature-dependent molecular
diffusion coefficientdC©z for CO, in cm?s~1, calculated from temperature and salinity as giveBdudreau

(1996 Chapter 4) using the implementation in the R package mar8aetéert et al.2010, and the mass
transfer coefficienK co, (Santschi et al 1991 Boudreau1999

CO,
;co_ D (T1)
KCOZ

Kco, can be calculated for C{from the water-flow induced shear velocityin cm s 1 and the dimensionless
Schmidt numbesSc for CO, (as calculated by linearly interpolating two temperature dependent formulations
for § = 35 andS = 0 in Wanninkhof(1992 with respect to

Kco,=a u Scagz (T2)

with parameters: andb: Santschi et al(1991): « =0.078,b = %; Shaw and Hanratty1977 (also given
in Boudreay 1996: a = 0.0889, 5 = 0.704; Pinczewski and Sidemaf1974 as given inBoudreau(1996:
a=0.0671,b= %; Wood and Petty(1983 as given inBoudreau(1996: a = 0.0967,b = 1—70. 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 sygfgaed the
dimensionless drag coefficienigg (Sternberg1968 Santschi et al.1991; Biron et al, 2004

u’ =1100+/€100 (T3)

c100is calculated from the water flow velocityigg as Hickey et al, 1986 Santschi et a.1991)

c100=10"3 (2.33— 0.05261u100] + 0.000365\u100|2) (T4)

case. A minimum ofu1g0 = 0.5cms™t can be seen as an 2.1.4 pCO,|T, an exemplary maximal value for the
operational lower limit. CO,, partial pressure in molecular contact with an
While the termR Pco, itself does depend on the DBL organism
properties,R Pco, with EF=1 can be interpreted ashg-
pothetical“purely diffusive” oceanic C@removal potential, ~ The sensitivity of marine animals to elevated interp@iO;,
a quantity that is not dependent on a DBL model descrip-l€vels varies with species and life stage. Absolute limits are
tion. However, due to the high reactivity of Gin seawa- hard to define, as knowledge about the effects of acute hy-
ter, the applicability ofR Pco, with EF =1 is limited. The  percapnia is still limited (see, e.@Caldeira et al.2003 Po-
more realistic quantity with real physico-chemical meaning, ertner et al.2003. Almost nothing is know about the limits
however, isR Pco, with EF as calculated above in EQ.0}. for pCO, or pH in diffusive molecular contact with the out-
We point out that the planar boundary layer propdrfyz- side of the gas exchange surface of an organism. However, to
description here (as well as the planar EF description) iscalculate maximak Pco, values, Eq. 16) requires a maxi-
meant to be generic for large scale oceanic comparison anfhal value forpCO;|s, which exactly represents this maximal
works very well for all, but the very smallest (i.e., microbial) pCOz directly at the (gas exchange) surface of an organism.
scales Zeebe and Wolf-Gladrow2001), which are not con-  For the example calculations given here, comparing various
sidered here. The sensitivity of our calculations with respectoceanic regions amongst each other, we use one single, con-
to relative fluid flow velocities across gas exchange tissuesstant valuepCO;|s = pCO,|I'®=5000 patm. If attained in
(the combination of ambient current flow and animal activ- the external medium, thisCO, would produce effects such
ity like swimming or pumping, see Se®.1) are explored in ~ @s narcosis and mortality in sensitive organisi@sldeira
Sect.3.1and AppendixA. et al, 2009.
RPco, depends on the COpartial pressure differen- Since, a certain limipCO, value in the free stream entails
tial ApCOype, = (pCOz|s—pCO;ls) across the DBL with @ higher pCO, value in molecular contact with the organ-
pCOy|s being the ambient free streapCO, value and ism surface, and effects fgrCO, = 5000 patm are reported
pCOs|s being thepCO, value directly at the organism sur- in Caldeira et al(20093 for only the most sensitive organ-
face. Here, we investigate outer envelopes of diffusive CO isms, choosinggCO,|s= pCO|"*=5000 patm is a rather
export limitations, i.e., we are interested in maximal values!ow estimate for a limit value, likely overestimating the €O
for R Pco,. ApCOz|ppL and, thusR Pco, are maximal when ~ removal limitation in our calculations.
pCOy|sis maximal.
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While we are aware thgiCO;|s = pCOp| ¥ =5000 patm is
an assumption serving mainly exemplary purposes here, us-
ing one single constant value effectively also removes species
dependency from the calculation &fPco,. The calculation — Having calculated the minimally requiredCO;, gradient
may easily be repeated by substituting known species speAppgL to sustain a giverE©2 (and associated“2) from

cific values. The sensitivity of our calculations with respect Ed. (19), a minimally requiredpCO; (in patm) in molecu-

2.4 Required minimal pCO2|s for given external condi-
tions and given E©2

to pCOy|s are explored below.

CO,

2.2 Maximal CO» diffusion limited metabolic rate E 755

Analogous to the oxygen quantityngx (Hofmann et al.
2012 Eg. 9), we can define a maximal metabolic rate §CO
export and, thus, @import) that diffusive limitation of CQ
export would allow:

co, . RPco, _ DCC2 PSW K0C% EF

max ‘= " CO; 1.CO (17)

ApCO;z|pBL

Here, we use the same generic descriptiorLfa?2 (given
in Table2 as used for the EF definition Ef0.)

2.3 Required ApCOs|pg. for a given E©2

Similar to the Q@ quantityCs (Hofmann et al.2012 Eq. 12),

we can define a quantity that is not dependent on the exterpCOz|s= pCOy|

nal CO content of the water. To explicitly include the de-

pendence of gas exchange on partial pressure and the d&:6 Limiting external conditions for given

pendency of partial pressure on hydrostatic pressinng
et al, 1965, we assume a given oxygen uptake raf& (in
umol st cm2), experimentally determined at diffusivities

and DBL thicknesses equal to the respective in situ values

but at one atmosphere.
As stated in Eq.1), we assumé ©%2 = EOz with the flux

directions defined as opposite. Therefore, we can calculat@coz]]{naxz pCOy|N3x K (/C02

the required CQ partial pressure differential (in patm) that
is able to support a given metabolic rate (@port and, thus,
CO, export) by making use of Eql4).

EC2 [ CO
DS pey KOF%2 EF

ApCOy|ppL > (18)

whereKO’gOZ is the apparent Henry's constant (calculated

as eluded to above) at “experimental” conditions, i.e., at the®

conditions at whichEg, was determined, most notably one
atmosphere. Again, considering the limiting case of a mini-
mal partial pressure differential that satisfies B&)(we can
define as follows:

E®2 €%

DC% pow KO’EC02 EF

ApppL 1= (19)

For exemplary purposes, we ug2 = 20x 10~/ pmol
s~1cm2, consistent with the oxygen companion pade-
mann et al(2012, e.g., Sect. 3.3. and Fig. 5.

www.biogeosciences.net/10/2409/2013/

lar contact with the gas exchange surface of the organism
can be calculated by using a given, pressure corre&rdg

et al, 1965 free stream (i.e., bulk ocean) GQartial pres-
surepCOyls:

pCO|T""=pCO,ls + AppBL

S
2.5 Maximal pCOs|; for given E©2 and
assumedpCOs|s

(20)

Similarly, the maximal external free stregn@O, permitting

the efflux required for metabolic balance can be calculated.
If the (maximal) CQ partial pressur@ CO;|s in contact with

the respiratory surface that permits normal functioning of the
animal is given, then:

pCO|"™=pCO,|s— AppBL

For

(21)

illustrative
max —
S

purposes, we again assume
5000 patm for calculations here.

E©2 and
assumedpCOg

The quantity pCO,|{"® can then be used to calculate the
maximal, in situ, CQ concentration in the free stream bulk
Mmedium that is required for an experimentally observed CO
demand to be supported as in:

(22)

Where K0C%2 in mol kg™t atmi 1 is the apparent in situ
Henry’s constant as calculated above (Eqg.

The propertyCO,]{"® can then be used to calculate lim-
iting bulk fluid ocean conditions (e.g., maximg_ CO;] :
[>° CO.]I"™®, minimal total scale pH: pH"", etc.) that can
balance the required G@onsumption. Bulk fluid conditions
here are calculated in the programming language R with the
acid-base chemistry routines implemented in the R extension
ackage AquaEnvHofmann et al.2010, with the Millero
et al. (2006 equilibrium constants for the carbonate system
and all other constants being the standard AquaEnv formula-
tions with references given therig._(BOH)3], [Y_H2SO4],
and[>_HF] are estimated from salinity S as givenDOE
(19949 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 (maximglCO,, [>_CO;], and minimal

Biogeosciences, 10, 2412%-2013



2416 A. Hofmann et al.: Kinetic bottlenecks to chemical exchange rates 2: Carbon Dioxide

pH) to present-day conditions we use data from the alka-
linity and dissolved inorganic carbon climatology @byet

et al. (2000 for a location off the coast of Southern Califor-
nia (SC: 120.5W, 29.50 N) and other stations around the
world (CH: Chile (75.8W, 33.8 S); WP: Western Pacific
(126.% E, 11.5 N), WA: Western Africa (6.3E, 15.5 S),
MD: Mediterranean (18%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—

500
1

1000
|

— sC 3 and 5-7, and Table 2). Particularly, the Southern Califor-
— SC — WA . . . . . .
— WP — BB nia region is selected since it is well studied, and the eastern
=] — CH — MD g . . . .
3 T util—_ & 't Pacific region shows strong vertical gradients in both,CO
1900 2100 2300 1900 2100 2300 and CQ, thus, encompassing a wide range of oceanic val-
> COy] / pmol kg™! ues. Depth profiles of COrelated oceanographic data for

those stations is shown in Fig

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-

500
1

depth / m

1000
|

—sC —4a lated quantities and the effect of alkalinity on the carbonate
g —% = system and, thus, the enhancement factor EF plays a large
4 =" role, too, the defined quantities here are markedly different
2000 2200 2400 26002000 2200 2400 2600 for the Mediterranean than for all other stations. Details will
[TA] / pmol kg™ be discussed in the following section.

For future conditions, we note that atmosphesicCO;
may approximately triple from pre-industrial by the end
of the century (e.gIPCC, 2007 Meehl et al, 2007 with
well predicted oceanic C£»ystem consequences (eZgebe
et al, 2008 Allison et al, 2009. We, therefore, assume
a tripled pCCQ;, at all depths with associated increase in
[>-CO] 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.

500

1000
|

1500

T T T T T T T T T T
0 500 1000 1500 20000 500 1000 1500 2000

pCOy / patm

3 Results and discussion

3.1 Sensitivity of R Pco, and Eﬁg)%With respect to

1 i max
Fig. 1. Oceanographical data taken frofoyet et al.(2000 relative flow velocity #100 and pCO2|g

and limited to shallower depths when discontinuities occurred . . .

deeper. Top row: total dissolved inorganic carbon concentrationl "€ two derived quantities central to this pap&’co,

[>~COy]. Central row: total alkalinity concentration [TA]. Bottom and &%%(, are functions of the input parametargyo and

row: carbon dioxide partial pressugeCO,. (SC: Southern Cali-  pCO,|T@ Both parameters are not accessible via typical

fornia (120.3 W, 29.50'N); CH: Chile (75.3W, 33.5 S); WP:  oceanographic data and our calculations rely on assumed

Western Pacific (1267, 11.5' N), WA: Western Africa (6.5E,  constant values for those parameters. Figtiieistrates how

15.5'S), MD: Mediterranean (187, 35.5 N); BB: Bay of Ben- ¢ derived quantities depend on those input parameters and

gal (87.5 E, 18.5 N)). how those dependencies are modulated by temperature and
hydrostatic pressure (here, water depth). This allows for a
placement of our assumed values foro and pCOy| T
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Fig. 2. Sensitivity of derived quantitieB Pco, (the oceanic C@removal potential) and%( (the maximal CQ diffusion limited metabolic
rate) with respect to the free stream fluid flow velogitypg and the maximal C@partial pressure in molecular contact with the organism
surface (pCOp|s=) pCO|T®). Left panel, upper row: the enhancement factor EF as a function of the free stream fluid flow velggity
and temperaturg. [Y_CO,]=1900 pmol kgl, [TA]=2050 umolkg 1, §=34, detph=100m, latitude = 30 Central panel, upper row:
example depth profiles at the Southern California (SC: T20,529.5C N) station (data fronGoyet et al.2000 of R Pco,, calculated with
varying free stream fluid flow velocities oo and assuming EF = pCO,| 1@ =5000 patm. Right panel, upper row: example depth profiles
at the Southern California (SC) station ®Pc,, calculated with varying values for the G@artial pressure in molecular contact with the
organism surfacepCOs|s=) pCO| T u19p=6cm s 1. Left panel, bottom row: %gzx as a function of the free stream fluid flow velocity
u100 and temperatur&. [y CO»] = 1900 pmol kg1, [TA]=2050 umol kg 1, s =34, detph = 100 m, latitude = 3ppCOy| I =5000 patm.
Central panel, bottom row: example depth profiles at the Southern California (SC) stati%%gfcﬁlculated with varying free stream fluid
flow velocitiesuygg and assuming EF = 1nCO,|1'@=5000 patmu1gg = 6 cm s1 for the calculation of.€®2 in the EF =1 case. Right
panel, bottom row: Example depth profiles at the Southern California (SC) staticﬁgé)‘ €alculated with varying values for the G@artial
pressure in molecular contact with the organism surfa@b|s=) pCOs| 13X 4109=6 cms™L.

within the range of generally possible values. Appenflix are cases where the physically driven external flow field
contains a more detailed description of R2gThehypothet-  is controlling Patterson and Sebentd89 Shashar et gl.
ical case assuming no GQ@eactivity (EF=1) is included in 1993 and is reflected in the physical distribution of organ-
the central column of FigR solely for the purpose of illus- isms. Basically, fluid flow velocity and changes therein can
trating — by comparison to results with realistic EF values —be seen as a measure of energy required to maintain respi-
the importance of C@reactivity in seawater. ratory needs. Whether this required energy will be supplied
Note that here, we considargg the relative current ve- by the energy contained in ambient flow or is a result of
locity over gas exchange tissues, i.e., a combination of ambi{energy-consuming) animal activity like pumping or swim-
ent current flow and animal activity like swimming or pump- ming is deliberately not distinguished here, as energy budget
ing. Respiratory gas transport across the gas-exchange suralculations inside of animals would be outside the scope of
face diffusive boundary layer is a critical property, such thatthis paper.
animals typically work to control flow and, thus, manage the Our treatment is valid for both, pelagic organisms and ben-
supply of their respiratory rate needs. However, there clearlythic dwellers. However, since for pelagics swimming and

www.biogeosciences.net/10/2409/2013/ Biogeosciences, 10, 24(2%-2013
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file exhibits higher alkalinity (central panels of Fi.and a
resulting higher pH (not shown).

3.2.2 Maximal DBL diffusion limited CO , export flux:

co
a § | Ema)%
— The oceanic carbon dioxide removal potenti&lPco, has
7, beenintroduced here to define a quantity equivalent and com-
2 8 parable to th@ceanic oxygen supply potenti&Po, defined
- M in the companion papeHpfmann et al.2012 Eq. 7). But the
| —sc better quantity to look at to assess the ability of the ocean to
— SC — WA . . .
S —. — BB remove respiratory C&from the organism through the diffu-
B sive boundary layer is the quantitﬁ%. Encqux is linearly re-
I I I I I I I I I I I I . . .
15 20 25 30 35 40 15 20 25 30 35 40 lated toR Pco, via the boundary layer thickneg$2, which
EF is constant when calculated using a consiapg. Depth pro-

files for R Pco, are given in AppendiB for completeness,
Fig. 3. Example depth profiles of EF calculated according to however, only depth profiles of(,-fé)z( are shown in Fig4 and
Eg. (L0 with ujgp=6cms 1. pCO,|T@=5000 patm. Oceano- are discussed here.
graphical data are taken frofoyet et al.(2000 and limited to While being obviously dominated by EF Value§% pro-
shallower dgpths when discontinuities ocgurred deeper (SC: Southiles show the influence of differingCOy profiles, especially
emn F:aln‘orma (120.5W, 29.50' N); CH: Chile (_755 W,33.5S); gt deeper depths (bottom panels of Fiy. Off the coast of
VgPS; I\E/Vels;eéns Pac'f'.c (126?5’ 11L.3N), OWA' V!eS‘?f” Afr'ca Chile (station CH), a clegpCO, maximum can be identified
(6.5°E, 15.5 S), MD: Mediterranean (18°, 357 N); BB: Bay shallower than 500 m (bottom left panel of Fig, which re-
of Bengal (87.8E, 18.5 N)). ] T ]

sults in a local dip in Egzx values (top left panel of Figl),

and which is due to a locg} ~ CO,] maximum (top left panel
pumping activities might be determining flow over their gas ©f of Fig. 1). This depth region corresponds to the local oxy-
exchange tissues more than ambient flow, and due to th€n minimum in this location as described in the companion
lack of detailed measured flow field data, depth profiles pre-PaperHofmann et al(2012) (Sect. 4.1, Table 2, and Fig. 1),
sented here are calculated with exemplary, constant flow ve@nd nicely illustrates the close relationship between logal O
locities (2cms?! and 6cms?! — see captions of figures). and CQ impacts.
While movement to ventilate gas exchange surfaces still mat- . . .
ters, for benthic dwellers, ambient flow is more important 3-2-3 CC partial pressure difference needed to sustain
(e.g.Feder and Burggren 985 Feder and Pindei 988 Pin- a given metabolic rate: AppeL
der and Feder1990, and can be included in calculations of The top panels of Figs show depth profiles ohppgt , the

our quantities. For stations in Santa Monica Bay and BasinCOZ partial pressure differential across the DBL that is re-

Lo;\/zxg;neﬂergh:nbeﬂ 'iglzeg:m:é?:gn r?;?}?'\?vr;g?\;vn\éagfc?gzired to sustain the C{export resulting from a given oxy-
10cms? andponly occasional excursiogns above 10cths n uptake. It can glearly be seen, thabaL _increases with

. S . depth and decreasing temperature, meaning at depth and es-
(Hickey et al, 2003_’ which is similar 1o fiow v_elocmes we pecially in colder waters there is more driving force needed
use for our calculations here (1-8 ciitse.g., Fig.2). to transport C@ through the DBL. TheAppgy 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 Fip. '
3.2.1 COQ reactivity: the enhancement factor EF In the bottom panels of Fi, depth profiles opCOz|g™,

the minimal CQ partial pressure in molecular contact with

COs is highly reactive in seawater, expressed here by the enthe organism external surface that is required to drive a given
hancement factor EF (F&), which is central to all quantities Mmetabolic flux across the DBL, are given. As was to be ex-
defined in this paper. Due to its dependency on {QHEF pected, the general shapes of the profiles are dominated by
depends positively on pH (see Eq€.to 12). Therefore, EF  ambientpCO; profiles (Fig.1). However, at deeper depths
profiles differ between stations mainly for depths shallower PCOz|3"" profiles are clearly offset to higher values as com-
than 500 m due to different pH and temperature profiles.pared to ambienpCO, profiles (Fig.1) due to the higher
The dependency of EF on pH can also explain the markedlyA7DBL values at depth.
higher EF and, thusR Pco, values for the Mediterranean
(MD) compared to other stations, as the Mediterranean pro-

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

Biogeosciences, 10, 2402425 2013 www.biogeosciences.net/10/2409/2013/
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Fig. 4. Example depth profiles of the derived diffusive £©x-

port limitation quantity %12)2( (the maximal CQ diffusion lim-

ited metabolic rate)pCO,|T'@=5000 patm. Oceanographical data
are taken fromGoyet et al.(2000 and limited to shallower
depths when discontinuities occurred deeper (SC: Southern Cali-
fornia (120.5 W, 29.5C¢ N); CH: Chile (75.83 W, 33.5 S); WP:
Western Pacific (126°%E, 11.5 N), WA: Western Africa (6.8E,

15.58 S), MD: Mediterranean (18°E, 35.5 N); BB: Bay of Ben-

gal (87.5 E, 18.5 N)).

depth / m

500
1

1000
1

3.3 Will diffusive CO,, transport across the DBL
become limiting in the future? —50
—CH

From thepCQ,|"® (the maximalpCQ; in the free stream o oo oo o o oo
that can support a given metabolic rate) profile for the South- min

e . . pCOo|M™ / patm
ern California (SC) station, we calculated the resulting set of S
!imiting _external conditions: t_he maximn?l external diss_o_lved Fig. 5. Example depth profiles of the derived diffusive €0
inorganic carbon concentratid} - CO,]{"®, and the mini-  export limitation quantities based on a given metabolic rate
mal free stream, total scale pH " (Fig. 6, black lines).  E©2=20x 10~" umol st cm~2. Top panel:Appg (the minimal
The blue lines in Fig6 are present-day ambient conditions CO partial pressure differential across the DBL required to sus-
for comparison, extracted from th@oyet et al.(2000 cli-  tain a given metabolic rate). Bottom pangiCO,|g"" (the min-
matology. It can be seen that present-day ambient conditiongna! €O partial pressure in molecular contact with a gas ex-
are far away from the calculated limit conditions. However change surface that sustains a given metabolic rate under given
crudely assumed future conditions (i.e., a triplingGIO, in " external oceanic conditions). Oceanographical data are taken from

th hol ¢ | b iate th tical additi Goyet et al.(2000 and limited to shallower depths when dis-
€ whole water column by appropriate theorelical adaition i, jities occurred deeper (SC: Southern California (20,5

of dissolved inorganic carbon; red lines in F§), show that 59 5 N): CH: Chile (75.5 W, 33.5 S); WP: Western Pacific
there is a region of about 700 m in depth at this station, wherg126 5 £, 11.5 N), WA: Western Africa (6.3E, 15.5 S), MD:
diffusive CQ, export across the DBL could become close to Mediterranean (18%E, 35.5 N); BB: Bay of Bengal (87.5E,
limiting in the future for the given scenario. 18.5 N)).

1500
1

3.4 Is diffusive DBL transport of CO5 or of O,

more limiting? compares %ax and Eﬁ,gzx profiles for the Southern Califor-

nia station (SC) calculated with different free stream wa-

While, for completenessk Pcoz andS Po, profiles are given  ter velocitiesu1go. Even comparing %ax values calculated
and compared in AppendiB, the better quantity pair to  with u100=6cms ! (orange line), to £ values calculated
compare DBL transport limitations between @nd CQ, is  with u1g0=2cms?! (blue line), which artificially favours
the pair Eﬁzax (called Epax in Hofmann et al. 2012 Eq. 9, CQO, limitation, shows a strong dominance of diffusive DBL
Sects. 3.2. and 4.2., Table 2 and Fig. 3) af¥& as both  Oxygen uptake limitation over diffusive DBL carbon diox-
quantities similarly depend on the DBL thickness. Figidre ide export limitation. Comparing present—day%%g values

www.biogeosciences.net/10/2409/2013/ Biogeosciences, 10, 24(2%-2013
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Fig. 6. Example depth profiles for the Southern California example station (SC,°12020.50 N) of limiting external conditions calculated
based on derived diffusive GCexport limitation quantities assuming a given metabolic 8% =20x 10~/ umols~L cm~2 and a given
maximal pCQ in molecular contact with the gas exchange surfa€@,|J'®* = 5000 patm. Left panepCO;|{"®* (the maximal CQ partial
pressure in the external bulk free stream that sustains a given metabolic rate; black line), compared to present-dgyGabiahies
(blue line) and assumed “futurgfCO, values (red line, a triplegpCO; in the whole water column). Center pang}. COZ]|?"'aX (the
maximal dissolved inorganic carbon concentration, as calculatedlf(b@m][“ax, sustaining a given metabolic rate; black line) compared to
present-day) ' CO,] values (blue line) and assumed “futuifg” CO»] values (red line; consistent with a triplgdCO; in the whole water
column). Right panel: pl-ﬁ“” (the minimal external total scale pH, as calculated frpﬁozﬁnax, 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 withy & @pied
the whole water column). Oceanographical data are taken@oyet et al(2000.

with E%g)% calculated with assumed future conditions (i.e., a erties such as a simple mass values foj][i@to the partial
tripled pCO, throughout the whole water column, red line), pressures that can accommodate changing temperature and
still reveals a dominance of diffusive oxygen limitation over correctly represent the driving force for respiration, is an at-
diffusive carbon dioxide export limitation. This is without tempt to assess the relative hospitability of certain ocean re-
assuming any future decline in oceanic oxygenation, whichgions to support aerobic respiration (eéMpyol et al, 2010.
would decrease B values even further and would, thus, ~ Our findings here, and in the oxygen companion paper,
amplify the dominance of oxygen limitation over carbon that it is energetically easier to transport £@way from
dioxide limitation. an organism due to the chemical enhancement term than to
Additionally important to note is that the value fp€05|s bring O, towards it which requires physical changes in dif-

used here is deliberately chosen to be comparatively low, i.e fusive boundary layer thickness, suggests a route towards an
only the most sensitive organisms show reactior@afdeira  improved function. In this function, estimating only physical
et al. (2009, so that the defined GOlimiting quantities ~ processes originating in the external ocean, decling&p
likely overestimate the C®removal limitation. So when Wwould be given more weight than increasegiRO,.
compared to the equivalent oxygen supply limitation quan- Although neither impact is positive for marine life, con-
tities, highest conceivable GQexport limitations are con- sidering only diffusive limitation effects, global warm-
sidered. Still, diffusive oxygen uptake limitation seems to being/declining Q is most likely a greater threat to most
dominant, due to the chemical enhancement of the diffusiveoceanic life than is oceanic uptake of anthropogenie.CO
CO, export. However, there might be further respiratory effects of,CO

input and acidification that are not considered here: such as

oxygen transport mechanisms in animals are impacted by an
4 Conclusions and outlook elevated proton concentration (eSgibel and Walsh2003

and the decrease of the free energy yield of the respiration
The ocean is now undergoing simultaneous warming, loss ofeaction Brewer and Peltze2009.
CO;, and rising CQ levels. The impact of changes in each  Of course, as already widely studied and well known,
of these properties draws intense scientific scrutiny, but wayscean acidification due to anthropogenic Q@ptake of the
in which the ensemble effect can be estimated are few. Iroceans results in a decrease in the carbonate ion concen-
a first attempt to address the combined imp&tsver and  tration with negative effects on biogenic calcification. Ani-
Peltzer(2009 defined a “respiration index” which linked the mals will have to expend energy in an effort to reduce the
ratios of pO, to pCO;, via the simple form of the Gibbs’ free  loss of carbonate shell protection. This meansi@pendent
energy equation. This paper, by converting traditional prop-

Biogeosciences, 10, 2402425 2013 www.biogeosciences.net/10/2409/2013/
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Fig. 7. Example depth profiles for the Southern California example
station (SC, 1205W, 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: E%%( (the maximal CQ diffusion
limited metabolic rate), calculated with various given values for the
fluid flow velocity u19g, and current and futureCO, conditions,
compared to %%X (the maximal @ diffusion limited metabolic
rate, calculated according tdofmann et al.(2012 with various
u100 values and current oxygenation conditions). Oceanographical
data for CQ are taken from th&oyet et al.(2000 climatology.
Oceanographical data for,@re taken from th&arcia et al(2010
oxygen climatology.

processes will have to be increased, in principle favouring
non-calcifying organisms in high CQow O regions and,
thus, establishing a more direct linkage betweerad CGQ

in the ocean.

Appendix A

Details on the Sensitivity ofR Pco, and E%g)% with respect
to ujppand pCO,| T

Al Oceanic CG removal potential: R Pco,

The left panel in the upper row of Fig@.shows that the EF
dependency om1qo (the relative current velocity over gas
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Fig. 8. Example depth profiles of the derived diffusive £€@x-

port limitation quantityR Pco, (the oceanic C@ removal poten-
tial), calculated using the chemical enhancement factor EF ac-
cording to Eq. {0) with u190=6 cms 1. pCOp|T'@=5000 patm.
Oceanographical data are taken fr@oyet et al.(2000 and lim-

ited to shallower depths when discontinuities occurred deeper (SC:
Southern California (12098V, 29.50 N); CH: Chile (75.3 W,
33.5’S); WP: Western Pacific (126.&, 11.5 N), WA: Western
Africa (6.5°E, 15.5 S), MD: Mediterranean (18°F, 35.5 N);

BB: Bay of Bengal (87.5E, 18.5 N)).
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Fig. 9. Example depth profiles for the Southern California example
station (SC, 1205W, 29.5C N) of diffusive carbon dioxide export

animal activity like swimming or pumping) is dominated by
the dependency of the DBL thickneg$ 2 on u1qg (see
Table 2 and the companion papétofmann et al.(2012
(Sects. 4.2. and 4.4., and Fig. 4) for details). SiRé&eo, de-
pends linearly on EF (cf. E4.6), the EF dependency ongg
exactly mirrors theR Pco, dependency oni1go (not shown).

www.biogeosciences.net/10/2409/2013/

sive oxygen uptake limitation quantities defined in the companion
paperHofmann et al(2012: R Pco, (the oceanic C@removal po-
tential) calculated witli1gp=2 cms™1 and current ambiengCO,
values (black line) and assumed “future” triple@0O, values (blue
line), compared t& Po, (the oceanic oxygen supply potential, cal-
culated according tblofmann et al.2012.
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EF, a key variable determining Pco,, increases with in- A3 Comparing R Pco, with E%%%
creasing temperature, roughly two-fold for a temperature in-
crease from 1C to 25°C (top left panel of Fig2). The gen- R Pco, depends on EF which decreases with increasing
eral dependency of EF anqpis not affected by temperature. i-€., in athinner boundary layer, there is less time for the CO
The central panel in the top row of Fig shows that acid-base system to convert @@ carbonate and bicarbon-
R Pco, increases by about an order of magnitude inhg ate and, thus, effectively remove g@self which enhances
range sampled, with the largest steps being exhibited fogiffusion. HoweverR Pco, does notincorporate the fact that
small u100, Which is consistent with the steep part of the With a thinner boundary layer, there is a shorter way for the
curve of the EF dependency afoo for u10o values below  COz to diffuse through, since the DBL thicknes§®2 is re-
approximately 3cmst. moved from the definition to be consistent with the oxygen
The hypothetical case of no G@eactivity (EF=1) isin-  quantity S Po, in the companion paper. The quantitﬁ.‘ﬁ,
cluded here, purely to show the importance of Q®activ- however, does include this effect.
ity by comparison to the plots with realistic EF. With EF=1  Comparing the central panels in upper and bottom rows
there would be no dependency BfPco, on uioo, but this  of Fig. 2 illustrates the difference in DBL thicknegs©©2
hypothetical case is, as was to be expected, equivalent t(i.e., u100) dependency ok Pco, and Eﬁ.%( While R Pco,
very large values afi100. Consistently, the lowest values for shows a strong negative correlation wittyg (central panel,
R Pco, are obtained for the hypothetical EF =1 case. top row Fig.2), ES%, exhibits a moderate positive correla-
The right panel in the top row of Fig2 illustrates  tion with u1q0. As already mentioned above, the effect of less
the linear dependency at Pco, on the CQ partial pres-  distance for diffusion with increasing. o outweighs the ef-
sure limit value in molecular contact with the organism fect of less time for chemical enhancement of the flux with
(pCO;|s=) pCOT®. R Pco, values increase from about 2 jncreasingu1go. However, due to the combination of those

6 1 6 1 .
107" pmols™ to about 20< 107° pmol s, whenpCOgmax o counteracting effects, the net dependency &E2Eon

increases from 2000 patm to 20000 patm. u100is much less pronounced than the dependen&/Rio,
. e - . In th I | of th f Fig). i
A2 Maximal DBL diffusion limited CO » export flux: on uico. In the central panel of the bottom row of Fg.it
£CO, can also clearly be seen that the dependency?& Bnui0o
max 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.shows that the
dependency opCO, |1 is similar for EC2 andR Pco,.

The left panel in the bottom row of Fi@ shows that (S
increases steeply with increasingpg, onceu1gg has values
above approximately 3 cnT$. Below a free stream velocity
of 3cmsd, Eﬁgzx is virtually independent ofi100. FOr 1100
values larger than 5 cm$ the relation is almost linear. The
overall positive correlation of%gi with u100 Shows thatthe  Appendix B

effect of increasing flow decreasing the distance for diffusion

(LC®2 decreases with increasinggoo, which increases%%() R Pco, depth profiles

dominates over the effect that this decreased distance allows

for less time for the C@system to enhance the diffusive flux FOr comparison to the oceanic oxygen supply potesstia,
via chemical reactions (EF decreases with increasing, ~ T0M companion papedofmann et al(2012) (Fig. 2), depth
which decreasesrcﬁi). profiles of R Pco, for all stations are given in Fi@.

ES® increases with increasing temperature, also about Fi9- 9 comparesS Po, (red line) andR Pco, profiles for
two-fold for a temperature increase from@ to 25°C (bot- the Southern California station (SC), calculated with a fluid

tom left panel of Fig2). It can be seen that the dependency flow velocity of 2cm s (black line). S Po, values are con-

of E%%( onuioois less pronounced for higher temperatures. siderably IowerthalR_Pcoz value_s th_roug_ho_ut t_he whole wa-
In the purely hypothetical case of EF=1 (only included ter column, suggesting that diffusive limitation of oxygen

for comparison), one assumes an effeatgf on LS, i.e uptake is dominant over diffusive limitation of respiratory

decreasing the distance for diffusion with increasing flow ve—c"’.‘trr? %npd'ox'd? e>|<pt0rcti. Q?hmparmg p()jr?stent—da%é. tv alueg
locity, but the effect of chemical enhancement in a thick DBL wi co, calculated with assumed future conditions (i.e.,

is neglected. Therefore, the EF =1 case here shows the |OV\F tripled pCQ;, throughout the whole water column, blue

o . co, ine), still reveals a dominance of diffusive oxygen limitation
ﬁte;/rilgdeizggrvizxeagfhg gr%?éf?sr Szzg?éimat'o_?hg cleaarlln over diffusive carbon dioxide export limitation. And this is
. . . 1100 “arly  \ithout assuming any decline in oceanic oxygenation, which
illustrates the importance of the inclusion of g@activity,
. . . ) (ﬁpﬁ would decrease Po, values even further and would, thus,
i.e., realistic EF values, for estimating values fe#l amplify the dominance of oxygen limitation over carbon

dioxide limitation. It must be noted, however, that, although
both quantities are defined as equivalent as possitite o2
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A. Hofmann et al.: Kinetic bottlenecks to chemical exchange rates 2: Carbon Dioxide 2423

still depends on the free stream water velocityg via the Brewer, P. G., Friederich, G., Peltzer, E. T., and Orr Jr., F. M.: Direct

enhancement factor EF, which mak#&,, andR Pcoz none Experiments on the Ocean Disposal of Fossil FuebCEzience,
optimal quantities when comparing diffusive oxygen uptake 284, 943-945doi:10.1126/science.284.5416.94399.
limitation to diffusive carbon dioxide export limitation. Bryden, H. L.: New polynomials for thermal expansion, adiabatic

temperature gradient and potential temperature of sea water,
Deep-Sea Res., 20, 401-408, 1973.
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