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Abstract. Ocean warming is now reducing dissolved oxy- ical combination of these properties that best describes the
gen concentrations, which can pose challenges to marinexternal boundary condition for the rate at which €n be

life. Oxygen limits are traditionally reported simply as a transported across membrane surfaces. Here, we focus on the
static concentration threshold with no temperature, pressuréheoretical background for characterization, description, and
or flow rate dependency. Here we treat the oceanic oxygemapping of the impacts of ocean deoxygenation from a gas
supply potential for heterotrophic consumption as a dynamicexchange rate perspective.

molecular exchange problem analogous to familiar gas ex- The rate controls of diffusive processes are well under-
change processes at the sea surface. A combination of th&tood and embodied in Fick’s First Law. The solubility of the
purely physico-chemical oceanic properties temperature, hymetabolically important gases is well known as a function of
drostatic pressure, and oxygen concentration defines the abitalinity and temperatur&\eiss 197Q 1974 Garcia and Gor-

ity of the ocean to provide the oxygen supply to the externaldon 1992. From this and the observed distributions, partial
surface of a respiratory membrane. This general oceanic oxypressures can be calculated. Likewise, the diffusion coeffi-
gen supply potential is modulated by further properties suckcients of the substances in question and their variation with
as the diffusive boundary layer thickness to define an uppetemperature, as well as generally accepted formulations of
limit to oxygen supply rates. While the true maximal oxygen the linkages between boundary layer thickness and fluid flow,
uptake rate of any organism is limited by gas transport ei-are known. From these fundamental principles and observa-
ther across the respiratory interface of the organism itself ottions, one can derive combined quantities which embody the
across the diffusive boundary layer around an organism, conessential chemical and physical principles in useful ways to
trolled by physico-chemical oceanic properties, it can neverillustrate and predict future changes in the ocean.

be larger than the latter. Here, we define and calculate quanti- The quantities we define here are meant to be used in
ties that describe this upper limit to oxygen uptake posed byphysico-chemical models of the ocean, for mapping the
physico-chemical properties around an organism and showhanging @ supply capacity of areas of interest such as
examples of their oceanic profiles. for climate change assessments or for inter-regional compar-
isons to assist in ecosystem-based management decisions, as
in the designation and knowledge of marine protected areas
(e.g.Palumbi et al.2009 Tallis et al, 2011).

1 Introduction

One of the challenges facing ocean science is the need to
make a formal connection between the emerging changes in
the physico-chemical properties of the ocean, such as rising
temperature and CQevels and declining & and the phys-
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2 Oceanic oxygen supply: physico-chemical 3 Materials and methods
vs. organism-specific quantities
A list of symbols and abbreviations used throughout this pa-
The & demands of marine organisms have classically beerper can be found in Table
described as a rate problem (ekughes 1966 in which
diffusive transport across a boundary layer driven by partial3-1  The oceanic oxygen supply potentigbPo,
pressure differences takes place. As with gas exchange rates

at the sea surface (e yanninkhof 1992 where wind speed Here we .define the oceapic oxygen supply. potentigl_ as the
is a critical variable, bulk fluid flow velocity over the animal combination ofpO, and diffusivity under in situ conditions

surface is important. An oxygen concentration value alor]econstituting a theoretical maximal upper limit for respiratory

does not adequately describe this process. For example, gi\QZRupta!(e as prowdedl by ? given cl)lc%anlc rliagmn. h
ing only an oxygen concentration as a limit for oxygen sup- espiratory gas molecules expelled or taken up have to tra-

ply specifies no temperature-dependent information, so thaYerSIe bomgg‘i rt_asp;lratoryc;pterface and dt'he dr:ffuswe.bound-
the same value is assumed to be limiting over a temperatur@ry ayer ( ) in the medium surrounding the respiratory

span of possibly 30C. This can be overcome to some ex- interface on the outside, i.e. the surrounding ocean. In gen-
tent by providingpO, as a limiting value Klofmann et al. eral, either one of these steps can be the rate-limiting step

2011, but the rate problem for gas transfer across a diffusive'cor respiratory gas transport (see also the companion paper:
Hofmann et al.2013.

boundary layer contains also terms for diffusivity, and the We d h imal diffusi flux if
relationship between boundary layer thickness and velocity ‘¢ enotefpg. as the maximal diffusive oxygen flux |
nly the diffusive boundary layer would need to be traversed

over the surface, and thus a much more complete descriptioﬁ1 ) AN ; .
(hypothetically assuming insignificant respiratory interface

would be useful.
é)arrier). And Ejnt as the maximal diffusive oxygen flux if

The challenge in defining generic properties that describ . i
the ocean in away that is relevant to generic membrane transiny the respiratory interface would need to be traversed (hy-

port of O is to separate as best as possible the purely physpothetically asspming insignificant b_oundary layer barrier).
ical terms which are universally applicable, such as temper-We_ can then W_r|1te fo_rzth_e true tOt"?‘I diffusive flux of oxygen
atureT, oxygen concentration [£), hydrostatic pressur@ E (in umol G; s cm™<) into an animal across both barriers
(together resulting in an oxygen partial presspfay), dif-
fusivity (resulting from salinityS, 7', and P), and the basic  E < min(Ejnt, EpgL), (1)
fluid dynamical form of the dependence of boundary thick-
ness on flow.

There is no debate over thg, [O;], P, and diffusiv-
ity terms since these are fundamental, organism-independe
ocean chemical properties. The difficulty is in providing E < Epg, . (2)

a way of including the flow term as a generic, organism-
independent principle. There is no doubt of the existence ofED.BL’ however, can be expressed by the standard represen-
) tation (e.g.Santschi et al.1991;, Boudreay1996 Zeebe and

a diffusive boundary layer that is present over all ocean SurWoIf-GIadrow 2001) of Fick's First Law, using gas partial

faces, thus also over all respiratory gas exchange mterfaces.ressures (e.qRiiper, 1982 Feder and Burggrer 985 Pin-

Generlp and S|r_npln‘|ed descnpuong of boundary layers areger and Burggren1986 Pinder and Feden99q Maxime
essential and widely used also for air—sea gas exchange ratees13 al, 1990 Pelster and Burggren 996 as
mineral dissolution rates, and phytoplankton nutrient uptake™ ~ 99
rates. The most widely used formulation is based on the __ D psw

i . . ; : DBL = ApO2|pBL.- 4)
dimensionless Schmidt number (eSgntschi et al.1991; L KO
Wanmnkhof 1992. This rglatlonshlp is standard within the Lwhere psyy is the in situ density of seawater (calculated ac-
ocean sciences and physiology (€der and Fedeil990 cording toMillero and Poissoif1981) as implemented iklofmann
and is also used here based on a planar surface model f@k al.(2010) in kgcm3; D is the molecular diffusion coefficient
the molecular exchange surface, which works well for all butfor O, in cm? s, calculated from temperature and salinity, e.g. as
microscopic scaleZgebe and Wolf-Gladroy2001). We de-  given inBoudreay(1996 Chapter 4)L is the DBL thickness in cm;
rive all gas flux properties on a per-square-centimeter scalé\pO2|ppL in patm is the oxygen partial pressure difference across

S0 as to provide a way to normalize for different respiratory the DBL; and wher& 0’ is the apparent Henry’s constant fop @

surface areas. molkg~1atm™1 (= pmol kg1 patni~1) at in situ conditions:

We stress that the end result desired is to provide improve o= [O2]
functions and profiles that better allow comparison between pO2([05],T,S, P)’
different oceqn regions undergoing change in thei.r OXyg€Nyhere [@] in mol kg~ here is the @ concentration and in the de-
supply potential as the ocean warms andéels decline. nominatorpO, ([O5], T, S, P) in atm is the associated partial pres-

sure of @ as a function of @ concentration, temperature, salinity

which means the diffusive flux across both barriérss al-
ways smaller than or equal to the maximal flux that the DBL
Hiansversion permits (i.&pgL ), and we can write

®)
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Table 1.List of symbols and abbreviations — listed in the order of their appearance in the manuscript.

Symbol Unit Meaning

[O2] pmol kg1 oxygen concentration

pOs patm oxygen partial pressure

N salinity

T Kor°C bulk oceanic temperature

P bar (hydrostatic) pressure

DBL diffusive boundary layer around the gas exchange interfaces

EpgL pmol slem2 hypotheticaldiffusion-only oxygen uptake rate per area of gas exchange inteffacky
the DBL was to cross, hypothetically assuming no respiratory interface barrier

Eint pmol st cm—2 hypotheticaldiffusion-only oxygen uptake rate per area of gas exchange inteffacky
the respiratory interface was to cross, hypothetically assuming no DBL over the exchange
surface

E pmol s~ cm2 true oxygen uptake rate per area of gas exchange interface across the DBL and the
respiratory interface together

D cmé st molecular diffusion coefficient for ©

PSW kgcm3 in situ density of seawater

L cm DBL thickness

KO mol kg~t atm™1 apparent Henry’s constant for,O

(umol kg~ patnt1)

I(O{S mol kg1 atn1 apparent Henry's constant fon@t in situ conditions

K O{E mol kg~ atm—1 apparent Henry’s constant for,@t experimental conditions

p0O2([02],T,S,P) atm in situ oceanic oxygen partial pressure as a function of carbon dioxide concentration,
temperature, salinity, and hydrostatic pressure

ApO2|pBL patm O partial pressure difference across the DBL

pOsl¢ patm ambient free stream oxygen partial pressure (outside of the DBL)

pOsls patm oxygen partial pressure directly at the respiratory surface (outside of the organism, but

past the DBL)

SPy, pmol slem™? oceanic Q supply potential (see text for explanations)
K cms! mass transfer coefficient forO
1100 cms! free stream fluid flow velocity over gas exchange surfaces
Emax pmol st cm2 Maximal hypothetical oxygen uptake rate per area of gas exchange interface, as permitted
by DBL diffusion limitation
Dt patm minimalpOy|s that is able to support a givei (all other conditions remaining constant)
Cs pmol kg1 minimal oxygen concentration Dthat is able to support a givef (all other conditions
remaining constant)
Combining Eqgs.Z%) and @) results in port, but it is always lower than the upper boundary defined
by the right-hand side of Eqg5).
D psw The oxygen partial pressure difference across the DBL
E= L KO ApOz|paL - () pO2|pBL can be expressed as
With this inequality, we can calculate an upper boundary for 2POz2lpsL = POzl — pOzls, (6)

the diffusive flux of @ into an animal, as posed by the bar-
rier of the diffusive boundary layer and the logaD- in the
oceanic environment surrounding it. The true oxygen flux
into an animal might be limited by respiratory interface trans-

with pOs|s expressing the oxygen partial pressure in the free
stream beyond the DBL angdOs|s expressing the oxygen
partial pressure directly on the gas exchange surface of the
organism. Since, obviouslyOz|s > 0 atm, the following in-
equality always holds true:

and hydrostatic pressure, first calculated conventionally from the

oxygen saturation concentratioGgrcia and Gordqnl992 using ApOz|peL < pOals. @
potential temperature( Bryden 1973 Fofonoff, 1977). Resulting
pO, values are then corrected for hydrostatic pressure (calculated 2Interface transport limitation is an important and interesting
from given depth values according Eofonoff and Millard(1983) field of research; however, it is out of the scope and intention of
according tdenns et al(1965. the paper presented here.

www.biogeosciences.net/10/5049/2013/ Biogeosciences, 10, 5882013
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Since our aim is to calculate an upper boundary for oxygerwhich effectively maked. a function of flow velocityu1go.
flux into an organism, we can simplify Ed)(by combining  Table2 details this generic description @fas a function of
it with Eq. (7) to U100
For a given free stream oxygen partial pressu®e|s, sub-

E < M pOyls. (8) stituting Eq. (1) into Eq. @) allows us to define an upper

h L limit or for the oxygen uptake ratE per unit area of respira-
Equation 8) expresses the fact that the true respiratory gadory interface supported by the giveiO;|s as
exchange per unit area of gas exchange surface is always
smallerthanDpsLﬂ pOy|s. This expression, however, con-  Emax:= SEOZ _D 'OSZV Ko
tains the DBL thicknesd., which is an organism-specific
quantity as it depends on the unique surface microstructurd his definition of Emax as an upper limit for the oxygen up-
of the respiratory surface area and any unique characteristidéke rate utilizes a simplified and generic model to describe
of the organism shape and mode of swimming or pumping.L. Emax values are thus not biologically specific, but are in-
So, in order to arrive at a purely physico-chemical quantity tended solely to compare various oceanic regions in fieir
that describes the organism-independent oceanic propensitgntialto supply oxygen under given in situ conditions and to
for supplying oxygen, we multiply Eq8] by L and arrive at ~ offer a rough estimate as to how flow rates over respiratory

interfaces influence this potential.

pO2ls. (12)

E L <D psw K0 pOyls. (9) 3.3 The minimal oxygen concentrationCs supporting a

) . ) given laboratory-determined E
This allows us to define the oceanic oxygen supply poten-

tial SRy, in pumolstcm~? as the upper limit (i.e. maximal The traditional use of only the oxygen concentration][O
value) for the product of the respiratory oxygen uptake rateas a measure does not take into account the large regional

E and the DBL thickness.. variations inT', P, and further diffusion-related quantities, so
, it is useful to compare functions containing these properties
SPo, := D psw KO pOz|t = D psw [O2] (10)  with [0,] alone.

Thus, SRy, is a purely physical oceanic property, not depen- In order to expllc_ltly (_:Iescrlb_e and revgal the _mfluence o_f
temperature and diffusion while comparing various oceanic

dent on any organism-specific properties or characteristics, .
egions, warm and shallow, as well as deep and cold, to one

It can be used to generate profiles and maps that illuminaté . o ;
which regions of the ocean are better able to support aerg;mother, we define another quantity in which we remove the

obic marine life than can simple Gconcentration profiles effect of the oxygen content of the water. To explicitly in-

or maps, since it incorporates the esserfligP and further clude the 'mpof_ta“t depende_nce of gas exchange on partial
diffusion-related terms. pressure (e.gPiiper, 1982 Pinder and Federl99Q Pel-

ster and Burggrern996 Childress and Seibgl 998 Seibel
3.2 The generic maximal theoretical oxygen supply rate ~ etal, 1999 and the dependency of partial pressure on hydro-
static pressureHnns et al. 1965, we assume a given oxy-
gen uptake rat& (in pmols 1 cm=2 — without loss of gen-
All respiratory external surfaces will have a diffusive bound- erality we assume throughout the paper a generic value of
ary layer that provides the contact with the ocean waters, andZ = 20 x 10~7 pumol st ecm2), experimentally determined
the thickness of this will in the macroscopic castepend  at diffusivities D and DBL thicknesses equal to the respec-
upon the external flow over this surface, whether passive otive in situ values, but at one atmosphere. From Bywe
controlled by organism motions. The most generic case ian then determine a relation between the free stream oxy-
a simple planar surface description of the flow dependencygen partial pressurgOz|r and this given oxygen uptake rate
of L, as was used to describe the mineral dissolution experf as
iments inSantschi et al(1991): the DBL thicknessl can

Emax

be expressed as the fraction of the molecular diffusion co-pOals > D o KO- (13)

efficient D and the mass transfer coefficiekit which is a psw 2 Ve

function of the fluid flowu1go. which shows thapO, | has to be greater or equal to the right-
D hand side of Eq.1(3) to support the giverk. Again describ-

(11)  ing a limiting condition, we defings as the minimalp O,/

L=——,
K (1100 that can supporE as

3In microscopic organismg, is usually taken to be equal to the
radius of the sphere of the microorganism (cf. &tplper et al. £ = ; .
2010 —in this case, our formulation fdtmayx can still be used with D psw KO{;
the appropriatd..

(14)
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Table 2. Expressing the DBL thickneds as a function of water flow velocity: a generic planar surface description.

The DBL thicknessL can be expressed as the fraction of the temperature-dependent molecular diffusion coéffifver®, in
cn?s~1, calculated from temperature and salinity as giveBaudreau1996 Chapter 4) using the implementation in the R package
marelac Soetaert et 812010, and the mass transfer coefficidat(Santschi et al.1991 Boudreay1996:

D
L=—.
K

K can be calculated for £from the water-flow-induced shear velocityin cm s~1 and the dimensionless Schmidt numiSerfor
Oo (as calculated by linearly interpolating two temperature-dependent formulatio§sf@5 andS = 0 in Wanninkhof(1992 with
respect to given salinity):

K:au’Sc_b,

with parameters andb: Santschi et al(1991): « = 0.078,b = %; Shaw and Hanratty1977) (also given inBoudreau(1996): a =
0.0889,h = 0.704; Pinczewski and Sidemdi974) as given inBoudreau1996: a = 0.0671,b = %; Wood and Petty1983 as given
in Boudreau1996: 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 systaeed the dimensionless drag
coefficient ggg (Sternberg1968 Santschi et al.1991; Biron et al, 2004):

u’ = u100 /€100

c1001s calculated from the water flow velocity gg as Hickey et al, 1986 Santschi et al.1991)

c100=1073 (2.33— 0.0526u10g| + 0.000365)u 100|2) .

As mentioned above, in order to compare with standard conepen-source programming languageRR¥evelopment Core
ditions at one atmosphere, we assume laboratory experimerieam 2010.

tal conditions at one atmosphere, so the apparent Henry’s

Law constantk O in Egs. (L3) and (14) is calculated with . :

one atmosphere. To explicitly include the hydrostatic pres—4 Results and discussion
sure dependency of partial pressure, i.e. to obtain the oxyge
concentration that would result ips at in situ hydrostatic
pressures, we have to convektto a concentration using an
apparent Henry’s Law constaki0| calculated at in situ hy-
drostatic pressure. Thus, we can defilhethe minimum oxy-
gen concentration [§) in pmol kg~ the free flowing stream

Rs noted above, warming of the ocedreyitus et al, 2005
Lyman et al, 2010 is reducing the oxygen concentration via
the solubility effect, decreasing ventilation due to increased
stratification and increasing oxygen drawdown from micro-
bial mineralization of organic matter. Thus global ocean oxy-
gen concentrations are declininghlen et al.1999 Jenkins

must have to sustaif, as 2008 Stramma et a) 2008 Helm et al, 2011), and the com-
L KO bined effects ofl and Q have an impact on aerobic per-
Cr:=pt KOg = —1s (15)  formance (e.gPoertner and Knus2007). Yet at the same

D KO- . - . . .
psw KOg time, increased temperature enhances diffusion and results in

The inclusion of the ratio of the Henry’s Law constants at increased gas partial pressures for the same concentrations,
one atmosphere and at in situ pressures explicitly include®0th of which enhance diffusive oxygen uptake rates. The

the pressure dependency of partial pressures, which makd¥operties we define above allow for a comparison of the rel-
Cr a quantity that can be used to directly compare warm anddtive roles and impacts of these opposing changes in oceanic

shallow to cold and deep oceanic regions. properties. _ -
To illustrate our newly defined quantities, we have cho-
3.4 Example oceanographic data sen a set of example stations from different ocean basins

for comparative purposes. Tal3eprovides a tabulation for
All T, S, P, and [3] data for ocean profiles have been ex- the classical oxygen concentration gJiohydrographic depth
tracted from the Ocean Data View¢hlitzer 2010 version  profiles as well as depth profiles of all quantities defined in
of the World Ocean Atlas 2009 oxygen climatologgar-  this paper, calculated with data from the World Ocean At-
cia et al, 2010. Calculations have been performed in the las 2009 Garcia et al. 2010 oxygen climatology for six

www.biogeosciences.net/10/5049/2013/ Biogeosciences, 10, 51882013
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Table 3. Depth profiles of [Q], SRy,, Emax, andC for example stations around the world. Details on the tabulated quantities can be
found in the text. The units used are as followsy[Qumol kg~1; SRo, : 10~ ’pmol kg™t st em™L; Emax: 107" pmolkg™ts~tem=2;

Ct : umolkg™1. For all locations we assume a constant flow velocityx@fo=2cms1; more realistic flow profiles or organism-
specific descriptions of the DBL thickneds can be employed here. Faf; calculations we assume a generic constant valu& ef

20x 10~ " pmol sl cm=2. T =5°C andSg = 34. NA indicates that values are not available for the respective depth. SC: Southern Cali-
fornia (120.8 W, 29.5 N); WP: Western Pacific (126°%, 11.5 N); CH: Chile (75.83 W, 33.5° S); WA: Western Africa (6.5E, 15.5 S);

BB: Bay of Bengal (87.5E, 18.5 N); MD: Mediterranean (185E, 35.5 N).

sc WP CH
depth [@] SRy, Emax Gt [O2] SRy, Emax Gt [O2] SRy, Emax Gt
0 239 46 221 16.72 225 46 227 14.73 196 48 262 9.76
50 246 46 218 17.80 235 44 211 17.46 200 49 264 9.88
100 230 40 183 20.75 226 41 192 18381 198 46 245 10.73
200 143 22 96 26.41 211 37 176 19.14 176 33 161 16.66
300 85 13 54 2857 202 36 167 19.20 135 22 98 23.22
400 44 6 26 30.17 199 35 162 19.20 91 14 58 27.35
500 23 3 13 31.27 193 34 157 19.15 78 11 47 29.65
600 16 2 9 32.06 188 33 152 19.05 90 13 52 30.65
700 15 2 9 3262 187 33 151 18.90 96 14 55 31.46
800 18 3 10 33.07 184 32 148 18.72 94 13 53 31.92
900 22 3 12 33.35 185 32 148 18.53 92 13 50 32.50
1000 28 4 15 33.63 185 32 148 18.33 94 13 51 32.79
1100 32 4 17 33.81 186 32 149 18.11 96 13 51 33.18
1200 36 5 19 33.90 190 33 152 17.88 94 13 50 33.38
1300 41 6 21 33.95 185 32 148 17.66 101 14 52 33.61
1400 46 6 24  33.97 190 33 152 17.44 102 14 52 33.76
1500 53 7 27 33.93 181 31 144 17.20 108 14 55 33.73
2000 82 11 40 33.37 192 33 153 16.11 115 15 57 33.02
3000 118 15 56 29.99 183 32 147 14.06 142 18 68 30.11
4000 132 17 63 26.22 190 33 152 12.29 152 20 72 26.27
WA BB MD
depth [@] SRy, Emax Gt [O2] SPo, Emax & [O2] SPo, Emax Gt
0 245 45 214 18.29 222 46 233 13.88 204 50 268 9.97
50 230 41 191 19.59 169 33 160 16.10 165 39 207 10.66
100 185 31 139 22.56 80 14 65 20.05 40 8 42 13.53
200 76 12 53 2491 58 10 43 22.73 14 2 11 19.97
300 46 7 30 26.79 40 6 28 24.94 15 2 11 22.79
400 91 13 56 29.19 45 7 29 27.19 15 2 10 23.83
500 157 23 92 31.23 60 9 37 29.24 16 2 11 24.59
600 195 27 110 32.34 78 11 45 30.98 17 3 11 25.35
700 184 26 102 33.03 96 14 54 32.19 22 3 14 26.08
800 154 21 84 33.44 120 17 65 33.06 25 4 16 26.74
900 134 18 72 33.89 135 18 72 33,53 32 5 20 27.42
1000 123 17 65 34.11 146 20 78 33.62 40 6 24  28.09
1100 114 15 59 3421 153 21 81 33.48 44 6 26 28.65
1200 112 15 58 34.20 166 22 87 33.22 50 7 29 29.19
1300 110 15 56 34.18 175 24 92 32.87 55 8 31 29.66
1400 112 15 57 34.13 188 25 98 32.52 67 9 37 30.16
1500 115 15 58 34.04 199 27 104 32.17 75 10 40 30.47
2000 134 17 66 33.06 220 30 113 30.90 106 14 53 32.05
3000 152 20 73 29.64 225 30 112 28.19 NA NA NA NA
4000 169 22 81 26.04 230 30 114 24.87 NA NA NA NA

Biogeosciences, 10, 5048660 2013 www.biogeosciences.net/10/5049/2013/
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example stations around the world ocean and the Mediter-
ranean (SC: Southern California (120W, 29.5 N); WP:
Western Pacific (126°F, 11.5 N); CH: Chile (75.53W,
33.8S); WA: Western Africa (6.5E, 15.5 S); BB: Bay
of Bengal (87.8E, 18.5 N); MD: Mediterranean (18 %€,
35.5 N)).

1000 0
1 |

2000
1

depth / m

4.1 Describing the oxygen supply potential of the ocean
including temperature effects: [O;] vs. SPo,

3000
1

The leftmost column per station in Tateand Fig.1 (both — :\:{é

panels) show classical oxygen concentration profiles, andthe g || —en — wp

second column in Tablg and Fig.2 show depth profiles of st 5T
our newly defined oxygen supply potentah, (Eqg. 10). 0 50 100 150 200 2500 50 100 150 200 250
It can be clearly seen that, while the general shape of the [0g] / pummol kg

profiles is similar due to the dominating oxygen signal, there
are marked differences in the overall range and especially atig. 1. [O2] depth profiles of the water column at different hy-
depth. drographical stations around the world (SC: Southern California
Those differences can be attributed to the effect of(120.3W, 29.5'N); CH: Chile (75.5W, 33.5 S); WP: West-
temperature-dependent diffusivity that is included in the defi-ig‘ ?P;CIRI/ICD-(}\AZG(ﬁE‘ 1.5 N)igg:ggvgsyzje-ms ;_frs'ca (fé’ E,
nition of SRy,. For example, while the oxygen concentration ai (87)5’?E ig;’\ll;rranean( *E, 358 N); BB: Bay of Ben
increases again to about 60 % of surface values at 4000 M D '
depth for the three Pacific Ocean stations shown (left panel,
Fig. 1), SRy, values (left panel, FigR) increase only to about
40 % of surface values due to colder temperatures limitingexchange surfaces, so as to provide an estimate of the maxi-
diffusion at depth. Similarly, the right panels of Figsand mal diffusive transport rates per unit gas exchange area that
2 show that, while the oxygen concentration at the Westerrthe ocean can support. Using a canonical constant mean flow
Africa station rises above Mediterranean values at a deptlover the animal respiratory surfaceiabo=2cms* we can
of about 1500 m (Figl), SRy, values remain higher in the visualize example profiles of our quantiBay at our exam-
Mediterranean all the way down to 4000 m depth (B)gdue  ple stations in the world oceans (Fig), which are, due to
to diffusivity-enhancing higher temperatures. In the profilesthe constant 1o, very similar in shape to thBR,, profiles
shown for the station off Chile (CH, left panels of Fids. in Fig. 2. To calculateEmax values and profiles for specific
and?2), the well-known horizontal penetration of an oxygen purposes, detailed flow fields and organism-specific descrip-
maximum into the oxygen minimum zon@/rtki, 1962 is tions for the DBL thicknesd. should be used or more spe-
reflected in the calculate8R,, values; however, the local cific molecular exchange models employed (see, eazier
maximum is less pronounced &R, than for [] due to  and Mann 1989 Karp-Boss et a).1996. Here, we define
the effect of temperature. The sample station in the Mediter-Emax With a generic description of its dependency loiand
ranean (MD, right panels of Figd and 2), where there is  thus fluid flow velocityu1go.
a combination of the least diffusive restriction due to higher While being simplified, the description for the DBL thick-
temperatures and a mean oxygen concentration being nearlyess implemented here reproduces the important general
twice as high as the site examined off Southern Californianon-linear dependency df on the fluid flow velocityu oo,
(212 vs. 114 umolkgl), results in the highest deep water and the dependency of this relation on temperature (leftmost
oxygen supply potentialSR,,) values for locations we have panel in Fig4). All animals require some form of fluid flow
examined. At the Bay of Bengal station (BB, right panel of over their respiratory interfaces, and this, together with the
Fig. 2), the waters at 800 m and below have a higher oxygershape of the surface, will determine the boundary layer thick-
supply potential than the Southern California (SC) station,ness; and the relationship between external flow and bound-
but at shallower depths the situation is reversed. ary layer thickness will be controlled by the same physical
processes. While equivalently one could plot the mass trans-
4.2 Incorporating a generic description of the influence  fer coefficientk, we plot the DBL thicknesé&. here (similar
of fluid flow velocity on dissolved gas exchange: to Santschi et al.1997), as it can be better visualized and
Enax intuitively understood. K, however, is equivalent to the “gas
transfer velocity” or “piston velocity” commonly used to de-
The quantityEmax (EQ. 12, Fig. 3, third column per station  scribe air—sea gas exchange, both for the open od&an-(
in Table 3) determines the combined influences of oxygen ninkhof, 1992 and coastal seas (e@ypens et a)2004 and
concentration, temperature, and fluid flow velocity over gasestuariesflofmann et al.2008), so the underlying simplified
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Fig. 2. Oxygen supply potentiabRy, depth profiles of the wa-  Fig. 3. Generic maximal theoretical oxygen supply réigax depth
ter column at different hydrographical stations around the world profiles of the water column at different hydrographical stations
(SC: Southern California (123%V, 29.5° N); CH: Chile (75.53 W, around the world (SC: Southern California (1208, 29.5 N);
33.5 S); WP: Western Pacific (126.&, 11.5 N), WA: Western CH: Chile (75.53W, 33.8 S); WP: Western Pacific (126,
Africa (6.5° E, 15.8 S), MD: Mediterranean (18°F, 35.5 N); 11.8 N), WA: Western Africa (6.8E, 15.5 S), MD: Mediter-
BB: Bay of Bengal (87.5E, 18.5 N)). ranean (18.5E, 35.5 N); BB: Bay of Bengal (87.5E, 18.5 N))).
A generic flow velocity oft19g=2 cm s 1 is assumed for all depths
to calculateL. If available, detailed flow profiles can be used here,
physical formalism is the same. The limit caseu@fo — O as well as organism-specific descriptions for
would yield L — oo. This example formulation foL as a
function ofu1o is thus not defined in a physically meaning-
ful way for zero flow velocity and should not be used for
the stagnant water case. Here we glowith a minimum of
u100=0.5cm s, which can be seen as an operational lower
limit.

It can be shown for the range afg values in the mid-
dle panel of Fig4, that aujgp decrease by half results in
approximately a doubling of; (i.e. Cs is roughly propor-
tional to the inverse afi10g). The nonlinear character of the
4.3 Revea“ng the separate influences of temperature, relation between the fluid flow Ve|OCiEy100 and the limit for

flow, and hydrostatic pressure on gas exchang&s free stream oxygen concentrati@h is such that there is a
low dependency wheim oo > 2 cm s 1 and very high depen-

To explicitly single out the influence of temperature and fluid dency whenmi1go < 1 cms L. This is a result of the respective
flow on gas exchange, which is co-mingled with the oxy- behavior of the thickness of the diffusive boundary lager
gen signal in profiles 08Ry, and Emax, and to additionally  onu1qp, as also described by, e.Ggarmo et al(2006.
incorporate the effect of hydrostatic pressure when compar- The right panel of Fig5 shows example depth profiles of
ing various oceanic regions in their ability to support given Cs at the SC station for three different respiratory raiesn
laboratory-determined respiratory ratEs we have defined realistic orders of magnitude, to express the sensitivitg;of
the quantityCs. Cs profiles can then be compared to O  with respect taf.
profiles to determine oceanic regions that support the given The general shape @f; depth profiles in Figs can be
oxygen demand:. explained by comparison @f; (Eq.15) with its direct prede-
Due to the nonlinear dependency of the thickness of thecessor quantitys (Eq. 14), the minimal oxygen partial pres-
diffusive boundary layeL on the current velocityi1go, the  sure required to suppoft. The quantityC; directly includes
minimal oxygen concentratiof’s supporting a given oxy- effects of diffusivity, boundary layer thickness, and tempera-
gen uptake raté& is also a nonlinear function afigpo. The  ture and hydrostatic pressure effects on partial pressure. The
middle panel of Fig4 explicitly visualizes this dependency predecessor quantity; expresses only effects on diffusivity
for different temperatures but constant pressure and salinityand boundary layer thickness. As temperature decreases with
and the right panel of Figl depicts this dependency for dif- depth, so does the “efficiency” of diffusion, with the result
ferent hydrostatic pressures. The left panel of Bighows  thatL increases. This translates into a highpemwith depth,
depth profiles ofCs for the SC example hydrographical sta- i.e. a higher necessapO, to sustain the given oxygen con-
tion (i.e. with in situ temperature, salinity and pressure) for sumption rateE. The limit for oxygen concentratio@s ini-
three different values farigo. This further illustrates the sen- tially follows suit, but as hydrostatic pressure increases with
sitivity of Cs with respect tar1go. depth, so does thgO, for a given [Q] (Enns et al.1965.
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Fig. 4. The influence of flow velocityi10g, temperaturel’ and hydrostatic pressurB on the DBL thicknesg. and Cs, the minimal

oxygen concentration supporting a given laboratory-determined oxygen uptaké.rdtke dependency of. (and all derived quan-

tities) onu1gp is based on the simple exemplary model description employed here. While individual organism-specific dependencies
may vary in detail, the general dependencylobn the flow velocity is captured here. For all calculations we assume a generic con-
stant value ofE =20x 10~' umoIsT1 cm2. Unless stated otherwise in the legend, latitude =28,55 = 34, T=5°C, P = 100bar,
E=20x10""umolslcm2, T =5°C, andSg = 34.

This means thapy, the pO, necessary to sustait, which is
more or less constant with depth from below 2000 m as tem-
perature does not change anymore, is sustained by a smaller
and smaller oxygen concentratiofi decreases from about -
2000 m on. = it
Different ocean basins exhibit markedly different temper- T s
ature and salinity profiles; these differences affect the quani
tity Ct since this subsumes the influences of temperature-
salinity and hydrostatic pressure on diffusive gas transport.z-
Figure 6 and the fourth column in Tabl8 show C; depth -
profiles for our example hydrographical stations, assuming
a constant current velocity of 2cmk In the Pacific, the
profiles are rather similar, while warm enclosed seas like the T T T T T T T T T T T T T T
Mediterranean differ markedly. Here, due to warm temper- 0 20 40 60 80 120 0 20 40 60 80 120
atures throughout the water column, the entire profiles are Cr / pumol kg™!
shifted towards lowe€’; values. It is remarkable that in the
Mediterranean, the oxygen concentration at 4000 m depth reFig. 5. The influence of flow velocity ujog and exam-
quired to sustain a given oxygen consumption rate is lowePles of given laboratory-determined oxygen uptake rates
than at the surface. In the Atlantic tiie maximum is sharply (X:“m(".s_l cm™?), along depth profiles of temperatufg and
defined at around 1000 m depth; in the Pacific the maximunpydr_ostatlc pressur® at the Pac:)ﬂc station SC off Southern Cali-
is more broadly defined at around the same depth, in keepf-om'a (120.5W, 29.5'N). T =5°C, andSg =34.
ing with classical hydrographic profiles. In the Indian Ocean
(Bay of Bengal), theCs maximum is deeper at 2000 m.
Given the marked similarity of’; profiles in the Pacific (left  els of Figs.2 and6), where the effects of temperature and
panel of Fig6), one can conclude that the differences in oxy- pressure considerably contribute to the differenceSRy,
gen supply potentiabRo, between various stations in the profiles.
Pacific (left panel of Fig2) are mainly due to differences ~ Even though our particular description of the dependency
in oxygen concentration profiles. This is not the case for theis generalized, the fact that the limit for oxygen concentra-
example stations that are not located in the Pacific (right pantion Cy is dependent on current velocity makes it necessary
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All our newly defined quantities express the requirements
and limitations imposed only by the oceanic physical envi-
ronment. The results from example oceanographic stations
around the world strongly suggest a greater diversity of re-
gions and a more complex response of biogeochemical cy-
cles to ocean warming than anticipated from the simple
change in @ concentration alone. It should not be surpris-
ing that the fields produced appear superficially to resemble
traditional @ concentration profiles and maps; descriptions
of the formation of the [@] minimum and well-established
gradients along major ocean circulation pathways are dom-
inant features and powerful drivers that have long been de-
— T T 7T T T T T T scribed Wyrtki, 1962). It is for this reason that the relatively
10 15 20 25 30 3510 15 20 25 30 35 crude representation of various limits by simple concentra-
! tion values has been in use for so long; they are familiar and

have served as reasonable approximations. But the basic ki-
Fig. 6. Minimal oxygen concentratiorCs, supporting a given  netic rate representation given here allows for much greater
laboratory-determined oxygen uptake rate, depth profiles of the wainsight, in particular for different oceanic depth realms and
ter column at different hydrographical stations around the world for an ocean Changing Simu'taneous'y’nmnd [Q] For ex-
(SC: Southern California (120:%, 29.5' N); CH: Chile (75.3 W, gmple the basic solubility equation always results in lower
i?r.i?:oaszé V;F; Vi/gs;eg; F:\;Tg.f'?w(el dzigﬁénleléﬁ I(\ll)éo\géA: 3\/;?'[,\?)@ Oz concentration from ocean warming, which may be inter-
B ! ' P ’ preted as more limiting to aerobic life. But when combined

BB: Bay of Bengal (87.5E, 18.5 N))). A generic flow velocity . . .
of u100=2 cms L is assumed for all depths to calculdtelf avail- with the essential temperature and pressure dependencies of

able, detailed flow profiles can be used here, as well as organism?©O2 and diffusivity, a more complex picture emerges.
specific descriptions fat. For all calculations we assume a generic
constant value of = 20x 10~/ umols 1 cm—2
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